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ABSTRACT
The Moodies Group, approximately 3 300 m.y. in age, is 
the oldest relatively unmetamoruhoscd quartzitic assemblage 
of sediments presently known. This succession consists of 
a wide variety of sedimentary facies which are interpreted 
palaeoenvironmentally in terms of interacting alluvial, 
cstuarinc-dcltaic, beach-offshore and tidal flat deposition- 
al systems. A remarkable similarity exists between Holocene 
physical sedimentary processes and those operative during 
the Archaean.
Proximal outwash fan sediments consist of conglomerates 
with minor sandstones. Matrix-supported conglomerates Jis• 
play good correlation between bed thicl ness and maximum 
clast-sizc, suggesting a mass flow mode of origin. Clast- 
supported conglomerates, in contrast, exhibit no such 
correlation, and represent traction deposits on longitudinal 
bars. Associated plane-bedded sandstones formed on bar 
surfaces at shallow-water depths under upper flow regime 
conditions. Mid-alluvial plain sandstones are structured by 
northward-directed large- and medium-scale trough cross-beds 
and contain occasional scattered pebbles. These deposits 
repi sent braidea bar accumulations during falling stages of 
episodic floods. Cycles are capped either by plane-bedded 
sandstones or by ripple-dri ft cross-laminated sandstones 
and siItstones. These formed respectively on bar surfaces 
under upper flow regime conditions during a rapid lowering 
of water-level, and at lower energies with appreciable 
quantities of sediment deposited from suspension. Associated 
in-phase ripple-drift cross-laminated siItstones with shale 
drapc-laminoc represent overbank or levee accumulations.
The most distal deposits consist of upward-fining, channel- 
fill sequences enclosed within horizontally-laminated and 
ripple-cross-laminated siItstones and shales of probable 
flood-plain origin.
Three deltaic facies are recognized. The first con­
sists of upward-fining cycles of conglomerates and sandstones 
with thin shale partings, enclosed within rhythmically inter­
layered argillaceous sandstones and shales. These sediments
k
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are interpreted as tidal channels which meandered across 
estuarino tidal flats, and constitute the tidal deltaic 
plain. The second facies comprises lensoid orthoquartzitic 
sandstone bodies, with ebb-oriented planar and herringbone 
cross-bedding passing upwards into plane-bedded sandstones 
with desiccated shale partings. These are interpreted as 
subtidal and intertidal sand shoals. Associated poorly- 
sorted ielspathic sandstones, devoid of primary sedimentary 
structures but containing water-escape pipes and other 
pcnecontomporaneour deformational structures throughout 
their development, arc the third facies. The evidence of 
extensive dewntering is indicative of rapid sedimentation, 
and, in association with the two overlying facies, suggests 
a delta front dcpositional environment. The abov criteria 
indicate that the delta as a whole was subjected to high tidal 
energies, and had the form of a macrotidal estuary fronted 
by elongate sand shoals.
Barrier island and shallow shelf sediments are 
arranged in upward-coarsening progr idational sequences. Low 
energy offshore deposits consist of landed iron formations 
overlain by shales with jasper layo *s and lenses. SiItstones 
become more abundun: upwards as chemical sediments disappear 
in the nearshore dcpositional environment. Interbedded fine­
grained sandstones are interpreted as storm-sutgc deposits. 
Shoreface accumulations consist of trougn cross-bedded sand­
stones deposited by predominantly offahcre-directcd rip 
currents. These are overlain by upward-fining orthoquartz 
itic tidal inlet cycles which contain basal scattered 
pebbles passing upwards into unimodal planar, and herringbone 
cross-beds which decrease in set thickness upwards and 
contain shale flasers on foresets. Thin si 1tstone layers cap 
some of the tidal inlet cycles. Overlying plane-bedded sand­
stones with low-angle discordances are loss pure than the 
shorcfacc and tidal inlet deposits. Coupled with the 
presence of abundant rippled surfaces, thin shale partings 
and longshore directed planar intranets a barrier spit, as 
opposed to a foreshore dcpositional environment, is suggested.
Back-barricr tidal deposits are comprised of prograda- 
tional upward-fining eyries of herringbone cross-bedded and
(ill)
flaser bedded sandstones and w */y and lenticular bedded sand­
stones and shales with various types of ripples, desiccation 
cracks and rill marks. Associated large-scale unimodal 
cross-bedding, medium-scale bimodal-bipolar cross-bedding, 
and plane-bedding probably formed in a complex of flood tidal 
delta subenvironments. Intercalated washovcr fan deposits 
consist of thick sequences of plane-bedded sandstones.
A depositional model, to relate the different sedimen­
tary environments in space, has been suggested. Braided 
alluvial plain and deltaic sedimentation represent the 
constructive elements of the model. Marine reworking of 
riverborne sediments le< ;o the development of barrier 
islands and back-barrier tidal deposits lateral to the 
deltaic plain. The presence of spit and abundant rip 
current deposits in the barrier island sequences, coupled 
with the absence of extensive ebb tidal delta accumulations, 
is indicative of a microtidal coastline. Local cmbaymcnts 
of the coastline, however, resulted in macrotidal conditions 
under which tidal channel and tidal sand shoal deposits 
developed in a non-barred estuary. Low energy and storm- 
surge sedimentation in the nearshore and suspension and 
chemical sedimentation in the offshore complete the deposi­
tional model.
Vortical sequences in the Moodies Group were determined 
by source area tectonics, and can be accounted for by pro­
grading or transgressing the steady state model. Tidal flat 
deposits only developed under transgresslve conditions. 
Barrier island sequences, in contrast, required a regressive 
shoreline for their preservation. During active prograda­
tion, bock-barrier tidal flat sedimentation did not occur as 
alluvial plain sediments often built directly onto shelf 
accumulations in the form of fan deltas. Marginal destruc­
tive swash bars developed on fan deltas at *hc cessation of 
fluvial influx.
While providing no new clues as to the original compo­
sition of the earth's crust, the nature of the Moodies 
sediments indicates the existence of widespread exposed 
granitic terrains by 3 300 m.y. In addition, the abundance
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of marginal marine orthoquartzitic sandstones in the 
Moodies Group suggests a relatively stable crust on which 
extensive reworking of sediments occurred. The proposed 
'cro- and only local macrotidal ranges, however, imply a 
i-drly narrow shelf during deposition of the Moodies Gr^up. 
The conformably underlying Fig Tree sediments, which are 
considered to be a deep-water facies equivalent of the 
Moodies Group, arc further indicative of a narrow shelf.
The above criteria have been used to suggest that the 
Moodies and Fig Tree groups accumulated along an ancient 
continental margin which probably had the geometry of a 
marginal basin. These generalities appear to have character 
ised Archaean sedimentation in South Africa and contrast, 
in many respects, with conditions which prevailed during 
the Protorozoic. Sedimentary successions on the Kaapvaal 
Craton, such as the Pongola Supergroup and Pretoria Group, 
arc not - nly devoid of deep-water sediments but also contain 
widespread evidence of broad, shallow-shelf macrotidal 
sedimentation. Mnrjinal marine facies are lacking in the 
Archaean of Canada, which contains alluvial and turbidite 
sediments deposited in localized trough-like basins. The 
two Archaean styles of sedimentation may reflect responses 
to different stages of continental rifting. Further work on 
other Archaean sedimentary sequences is, however, necessary 
to test this hypothesis.
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INTRODUCTION.
i) Objectives and Approach .
An appreciation of how physical sedimentary processes 
and dcpositional environments in the Archaean compare with 
those in later geological times and in the Uoloccne can pro­
vide valuable information pertaining to the evolution of the 
Earth's crust. The presence of mature beach and tidal 
sediments, for instance, can be taken to imply a stable 
crust on which extensive reworking of sediments occurred. 
Conversely, a predominance of immature deep-water greywacke 
assemblages wruld suggest a relatively unstable setting. 
These contrasting styles arc typified by sedimentation in 
intracratonic basins and in basins adjacent to orogenic 
belts. If both scdimcnt-typcs occur as facies equivalents 
it is probable that sedimentation took place along a con­
tinental margin. Detailed studies on tidal sediments, and 
more specifically on tidal ranges as a function of shelf 
width (Rcdfield, 1958) , may provide additional evidence as 
to the nature of dcpositional basins. Tidal sediments, 
furthermore, are significant with respect to the origin of 
the Earth-Moon system.
A complete understanding of the dcpositional history 
of a sedimentary basin require; a knowledge of L inter­
action of major dcpositional environments not only along 
strike but also down the palaeoslope. Fortunately, Archaean 
sediments are usually tightly folded into parallel synclincs 
and anticlines and therefore particularly amenable to 
sedimentary facies analysis. This involves the following 
approach $
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a) The recognition of different sedimentary facies, and 
their definition in terms of grain/pcbblc-size, texture 
(Powers, 1953; Folk, 1968), composition (modified after 
Dott, 3 964; chert is here considciod to be a stable 
component in quartz nrcnitos and not a rock fragment), 
sedimentary structures and vertical sequences;
b) A palaeocnvlronment.il interpretation of the different 
facies with reference to Moloccne processes;
c) An evaluation of the interrelationships of the facies 
within specific depositional environments with reference 
to Holoccne depositional models;
d) An analysis of the interrelationships of the different 
environments to yield a single deposi tional model; and,
c) An account of vortical stratigraphic relationships in 
terms of the deposit ional model.
1 i ) ' .
The most common Archaean sedimentary facies consists of 
graded beds of grcywackv-shale, often with sole marks and 
slump features. These sediments are interpreted as turbiditos, 
and are considered to reflect deposition in a fairly deep- 
water environment. Associated conglomerates and massive 
sandstones are interpreted as ’fluxoturbldites* and 
'proximal turbiditos'(Walker, 1970). This assemblage of 
scdimenvH thus contains material roacdimented from shallow- 
into deep-wateru (turbiditos and fluxoturbiditos) and normal 
background deep-water deposits (shales, cherts and banded
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Iron formations) and is referred to as the 'Rcsedlm^ntcd 
Association' (Turner and Walker, 1973). Sedimentary 
sequences representative of this association have been 
reported from Archaean greenstone belts in Canada (Donaldson 
and Jackson, 1965; Walker and Pettijohn, 1971; Henderson, 
1972; Pettijohn, 1972 and Turner and Walker, 1973), the 
U.S.A. (Ojakangas, 1972 and Granath, 1975), Australia 
(Gliknon, 1971; Dunbar and McCall, 1971; Lipplo, 1974; 
Fitton, ct al., 1975; HalIbevg ct al., 1976; and 
D.I. Groves, personal communication, 1977), Rhodes la (Bliss 
and Stidolph, 1969) and South Africa (Anhncusscr ot al, 1968; 
Anhacusser, 197 3 and Reimcr, 1975).
The second Archaean sedimentary locius contains, 
amongst other 11thologies and sedimentary structures, 
conglomerates, impure and orthoquartz1tic sandstones with 
large-, medium- and small-scale cross-beds, and shales.
This facies, generally considered to be a shn.low-watcr 
association, is loss common than the first and has only been 
reported from a few greenstone belts. Prior to 1973,
Reimcr (1967), Anhacusser ct al. (1968), Anhacusser (1969), 
and Gliksor (1971) had made brief reference to shallow-watcr 
sedimentary structures, including mud-cracks, in the Archaean 
of South Africa and Australia respectively, while Donaldson 
and Jackson (1965) had suggested that extensive shallow-water 
accumulations, subsequently removed by erosion, may have 
existed in northwest Ontario. Orthoquartzltic pebbles from 
the same area (J.A. Donaldson and R.W. Ojakangas, personal 
communication, 1974) may provide indirect evidence of shallow- 
watcr depositions! conditions with extensive reworking. 
Detailed Redimentologic.il studies on sediments from this
facies were rare until Turner and Walker (1973) provided 
conclusive evidence of shallow-water sedimentation in the 
Archaean when they interpreted a conglomeratic and arkosic 
sandstone occurrence in Canaua as c subacrial alluvial fan 
deposit. The term 'Continental Association1 was proposed 
for sediments of this type with large- and medium-scale 
cross-beds considered to be the best evidence for shallow 
water deposition. The most recent studies on sediments 
belonging to the second facies are from the Yllgarn Block 
of Western Australia where Dona’dson and Platt (197 5) 
interpreted an upward-coarsening assemblage as a prograding 
deltaic, braided river and alluvial fan sequence, and where 
Marston and Travis (1976) recognised alluvial fan deposits 
of very local derivation. Similar sediments exist in the 
eastern (Lipplc, 1974) and western (Kitton, ct al., 1975) 
portions of the Pilbara Block, as well as in Rhodesia (Bliss 
and Stidolph, 1969; Bickle ct al., 1975), but no palaroen- 
vironmental analyses have been undertaken.
The Hoodies Group in the Barberton Mountain Land,
South Afrlia (Anhueusscr ct al., 1968; Anhacusser, 1973) Is 
a w.1!l-proservud sequence of sediments of the shullow-water 
type. Studies on this unit, as developed In the southeastern 
Transvaal and northern Swaziland, have been exclusively of 
a btratigraphic nature (Hall, 1918; Vlsscr, 1956; Jones, 
1963; Bell, 1967; Rolmuz, 1967; Tomlinson, 1967; Jones, 
1969 and Anhacusser, 1976), apart from the documentation of 
shallow-water sedimentary structures (Reimer, 1967; 
Anhacusser, 1969; Anhacusser ot al., 197 3 and Anhacusser, 
1976). The present investigation focuses Initially on the 
ecdimentological history of the Hoodies Group before
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extending the findings into a general analysis of Archaean 
sedimentation and the related crustal evolutionary 
implications.
STRATI GRAPH TC-FKAMKWORK AND AGE OF Till. MOODIES GROUP .
The Moodies Group Is the uppermost of three sub­
divisions of the Swaziland Supergroup (Fig. 1). The 
basal Onverwacht Group consists predominantly of 
volcanics with minor sediments (see Viljocn and Viljoen, 
1969; Anhaeusser, 1973; amongst others) and is con­
formably overlain by immature clastic and chemical 
sediments of the Fig Tree Group (Rcimer, 1975). In the 
southern parts of the Barberton Mountain Land, most 
notably in Swaziland, the Moodies Group rests directly 
on Onverwacht volcanics (Jones, 1C69) and in the central 
parts,unccnformably on Fig Tree sediments. It was 
based on those field relationships that earlier workers 
such as Hail (1918) and Visser (1956) considered the 
Moodies Group as a separate 1 System' from the underlying 
Onverwacht and Fig Tree 'Series' which were grouped 
together as the Swaziland System. From the Makonjwa Range 
northwards (Fig. 1), as was established by Tomlinson 
(1967) and Anhaeusser (1969), a gradational contact 
exists between the Fig Tree and Moodies groups. This 
led Viljoen and Viljocn (1969) to establish the 
Onverwacht, Fig Tree and Moodies as groups within the 
Swaziland Supergroup.
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No direct age determinations have been carried out on 
the Moodies Group rocks, but these sedlmcr-s can be dated 
relative to upper Onvorwacht felslc volcamcs, (with an age 
of 3 360 -  100 m.y., Van Nickcrk and Burger, 1969) at less 
than 3 400 m.y. A minimum age for the Moodies sediments 
Is more difficult to determine. Th< 'Intrusive naturc^of 
the Knap Valley Granite, which has been dated at 3 360 - 
100 m.y. (Oosthuyien. 1970), is now disputed, and other more 
rollab.e evidence must be sought. As the Swaziland Super­
group is strongly deformed, the age of non-follatcd or post- 
tectonic granites will provide a minimum age for the Moodies 
r.rouu. Granites of this type in lude the Intrusive Lochlel
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or Homogeneous Hood Granite, dated at 3 070 - 60 m.y. 
(Allsopp ct al., 1962) and the intrusive Salisburykop 
Pluton, which has an age of 3 060 - 30 m.y. (Oosthuyzon, 
op. cit.). The oldest non-foliatcd granite is the Dalmcin 
Pluton which is dated at 3 290 - 80 m.y. (Oosthuyzen, op. 
cit.). This suggests that the Moodies Group is at least 
3 300 m.y. in age which, in view of the conformable nature 
of the three groups within the Swaz nd Supergroup, is 
not incompatible with the age of the upper Onvcrwacht.
The Moodies Group is thus older than any of the sedimentary 
basins on the Kaapvaal Craton. The oldest of these is the 
Pongola Supergroup which rests on granites of the Lochiol- 
type, dated at 3 000 - 200 m.y. (H.L. Allsopp, personal 
communication, 1975).
The Moodies Group attains its greatest thickness in the 
Eureka Syncline (Fig. 1). where it is subdivided into 
five stratigraphic units, termed MD1 through MD5 (Fig. 2).
A romincnt amygdaloidal lava zone at the base of unit 
MD4 allows correlation between the Eureka, Saddleback and 
Stolzburg Synclines (Fig. 1). In the latter two synclines 
the Moodies Group is represented by stratigraphic units 
MDl through MD4. South of the Saddleback Syncline, no 
corrclatablc stratigraphic units, apart from a basal 
conglomerate, can be recognized (Fig. 2 ).
In the southern parts of the Barberton Mountain Land, 
notably along the Swaziland border and northwards to the 
Saddleback Syncline (Fig. 1), conglomerates and impure 
sanustonos arc the predominant lithologics (Fig. 2 ). 
Intercalated orthoquartzitic sandstones and a penocontem-
4
poraneously deformed sandstone unit also occur in the Saddle­
back Synclinc. Orthocjuartzitic sandstones, in association 
with thick accumulations of shales and siltstoncs, are 
present in the Eureka and Stolzburg Gynclines, where 
quartzose sandstones arc also abundantly developed.
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RECOGNITION OF MARI? THE PRECAMBR1AN.
The most reliable indicators of marine dcpositional 
environments are metazoans , either as shelly or trace 
fossils. Shelly fossils do not occur in Precombrian 
sediments and the oldest documented trace fossils are now 
dated at approximately 1 000 m.y. (Clcmmcy, 1976). In rocks
older than 1 000 m.y. other criteria for marine 
deposition must be sought.
i' The Origin oi Ortt
The possible significance of orthoquartzites as 
Indicators of marine dcpositional environments has been 
reviewed by Horne and Form (1976) who emphasise that each 
occurrence should be treated independently, since clean 
quartz* n.
Firstly, orthoquartzites may form diagenctically. As a 
result of intense weathering, leaching of less stable 
minerals may occur and result in the residual accumulation 
of quartz. Pure quartz arenites formed by this process tend 
to be restricted in their distribution, and are most commonly 
developed in soil zones. Orthoqunrtzitic deposits may also 
be derived by erosion of puio quartz source areas. Under 
these circumstances, both continental and marine sandstones 
would be orthoquartz i tic. Widespread orthoquartz ites most 
commonly accumulate in deposit Iona 1 environments where 
intense reworking of sediment results in winnowing of finer- 
grained materials and the breakdown of minerals loss stable 
than quartz. This most common 1y occurs in marginal marine 
settings as a result of reworking by tides (Swett et al., 
1971; Balazs and Klein, 1972) and waves (Hunt, 1887). Swett 
et al. (op. cit.) have shown that sand grains may be moved 
for up to 36 km/year by tidal currents, either in subtidal 
or intertidal environments, or both. Similar distances of 
transport can probably be invoked for sand particles in 
offshore shoals. Those figures contrast with distance? of 
transport and resultant abrasion in fluvial environments, 
where Kucncn (1959) showed that abrasion of subangular quartz
- 10 -
grains, less than 2 mm in diameter, is less than 1%/1000 km 
of transport. Orthoguartzitic marine sandstones will thus 
intcrfingcr with relatively impure but time-equivalent 
continental sandstones.
11)
Detailed mapping of palaeocurrents can aid considerably 
in the recognition of Precambrian marine sediments. In con­
trast to the dominantly unidirectional currents which 
operate in alluvial settings, marginal marine environments 
arc usually characterised by multidirectional dispersal 
processes. Directional structures are generated by tidal, 
wave- and wind-driven currents and may be oriented down, up, 
parallel or diagonal to the slope of the sedimentary basin 
(Klein, 1967a). Multidirectional dispersal patterns in 
the geological record can thus be used to infer marginal 
marine or marine environments. Furthermore, if the general 
attitude of the palacoslope can be determined through 
palacocirrcnt mapping of fluvial facies it may be possible 
to relate associated, more varied, dispersal patterns to 
currents which operated in specific marginal marine 
envi ronment r..
tary Sequences.
Idealized vertical sequences of 1ithologles and 
sedimentary structures arc well established from the Holoccne 
for braided fluvial (Boothroyd and Ashley, 1975), meandering 
fluvial (Bernard ct al., 1970), barrier island (Bernard 
et al., 1962), deltaic (Coleman and Wright, 1975), and 
tidal flat (Klein, 1972) depositIona1 environments. The 
recognition of similar sequences in Precambrian successions
provides a further moans of recognizing ancient depositional 
environments, especially if considered in conjunction with 
the previously discussed lithological and palaeocurrcnt 
criteria.
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i) Jn trovluct ion .
This in tlio dominant facies assemblage in the Moodies 
Group and It? characterised by abundant conglomerates inter­
calated within thick sequences of impure sandstones, and 
subordinate shales. In the southern parts of the Barberton 
Mountain Land. notably along the Swaziland border and north­
wards to the Makonjwa Range (Fig. 1), this is the only facies 
assemblage present (see Fig. 2). In the Saddleback Syncline 
stratigr.iphic units MDl, the upper part of MD3, and Ml")4 
consist ol facies assemblage 'A*. Further north 
representatives of this assemblage are less common and 
comprise only Mbl, the upper part of MU4, and MP5 In the 
Eureka Syncline, and MDl and the upper part of MUi in the 
Stolzburg Syncline. Three facies arc distinguishable in 
this assemblage.
11) Description of Facies.
A 1. Conglomerate Facies.
Occurrences of this facies are indicated on Fig. 2, from 
which it la apparent that the thickest development of con­
glomerates occurs in the south, and specifically around 
Havelock. The conglomerates arc very coarse, with an 
average mean j <;bblo-dInmcter of -r>, 10 (3,3 cm) (Table 1), 
but often contain boulders greater than 25 cm in diameter. 
Pebbles and boulders aie generally spherical and rounded 
to well-rounded except In the Hhohho area (Fig. 1) where a 
thin conglomerate with angular to uubangular clasts occurs 
at the base of the succession. Sorting (dispersion) is 
common1y poor (>1,0) and rarely moderate (,70 - 1,0)
(Folk, 196B, sec Table 1). White, black and banded cherts
and jasper are the prcdomin c clast-typea in the conglo­
merates (Table 2). Acid volcanic clastr,, often silicifred, 
arc fairly abundant, but mafic varieties are rare. Granitic 
clasts, often greater than 25 cm in diameter, arc confined 
to the basal conglomerate and occur most commonly in the 
Eureka Synclino.
t a b u : i .
STATISTICAL PARAM1 TKRS FOR MOOD I IIS CONG LOME RATES
Sample No. El E2 E4 SI S2 S3 S4
Mean (0) -4,68 -5,25 -5,07 -4,56 -5,41 -5,62 -5,40 -4,65
Variance (0) 1,03 1,41 1,62 1,17 1,37 2,40 1,58 ,55
Std. Dev. ,0. 
(Dispersion) 1,01 1,19 1,35 1,08 1,17
1,55 1,26 ,74
Max.
Clast Size(cm) 12 30 50 24 33
45 38 16
Number of 
Measurements 119
129 108 108 111 127 110 120
El - E4 : Basal Conglomerate, Havelock Area
Si and S2 i Middle MD3 Conglomerate, Saddleback Synclino
53 : Lower MD4 Conglomerate, Saddleback Synclino
54 j Upper MD4 Conglomerate, Saddleback Synclino
(See Fig. 2 for stratigraphic positions) 
Statistical parameters are calculated for grouped data with 
frequency count by class. All clasts >1 cm in diameter 
were measured at each locality.
Equations z A
—  " E  n H
y /U  (M e a n ) » — -----
f_ n *i‘ - liz
CT1 (Variance)- —   -
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(Table 1. continued)
where : Xj_ = Midpoint of Class Interval
fj, = Frequency in Eacli Class
k ■= Number of Classes
N ■ Number of Observations
(after Edwards, 1904, p. 41 and 59)
TABLE 2.
Sample Number El E4 SI S3 S4
White Chert 10,5 1,9 25,2 4 5 ,5 8,1
Black Chert 26,8 48,2 30,0 1,6 58,5
Banded Chert 39,0 25,0 13,5 18,8 8,9
Vein Quartz 4,9 1,9 ,9 1,8 4,1
Acid Volcanic 9,8 6,5 9,0 16,1 8,2
Mafic Volcanic - ,9 3,6 8,1 1,6
Ironstone 3,2 2,8 17,1 6,5 -
Jasper 4,1 13,0 - - 2,4
Brccciatcd Chert 1,6 - ,9 1,0 -
Figures in Percentages 
Samples as in Table 1.
Two conglomerate-types occur in thin facies; one is 
matrix-supported (Fig. 3) and the other clast-supported 
(Fig. 4). Matrix-supported types arc most common lower down 
in the sedimentary succession especially in the southern 
parts of the out crop belt. The basal conglomerate in the 
Havelock area, for Instance, in predominantly matrix- 
supported with only occasional thin intercalated clast- 
supported units. Clast-supported conglomerates are more
- 15 -
to n e ra ts : H avtlcok a r ta
(noaU  in  1 and 5 an d iv is io n s ) .
supportsd  c o n g lo m ra ts : U n it
MP4; Saddleback Synuline.
- 1 6 “
abundant higher up in the etratigraphic succession, notably 
in unit MU4 in the Saddleback and Stolzburg syncllnes (Fig.2). 
Contacts between sedimentary units, as defined by thin Inter­
calated sandstones, are regular and non-crosional in the 
matrix-supported variety, while the clast-supported typo 
frequently displays irregular basal contacts which may have 
a relief of up to 10 m. Imbrication in not apparent in the 
matrix-supported conglomerates and is rarely seen in the 
clast-supported types (Fig. 4). The matrix-supported 
conglomerates display no size-grading of clasts, but an upward- 
fining is often noticeable in the clast-supported varieties.
The relationship between bed thickness and maximum clast- 
sizc for four different conglomerates is illustrated in 
Fig. 5. Correlation in best for conglomerates which are 
clearly matrix-supported (Havelock and MD2 Saddleback) and 
very poor for the lower MD4 clast-supported variety (Fig. 5).
A fair correlation exists for the upper MD4 occurrence which 
contains both matrix- and clast-supported conglomerates.
The matrix of the conglomerates consists of mediurn- 
to coarse-grained, poorly- to very poor 1y-sorted lithic- 
arenites and sublitharenitoe. The intercalated pebble-free 
sandstones are similar in composition to the matrix. These 
are most commonly plane-bedded (Fig. 6 and 7.) and rarely 
greater than 1 m in thickness. They persist laterally for 
tens of metres where associated with the matrix-supported 
conglomerates, but tend to pinch out along strike where 
intercalated within the clast-supported variety (Fig. 7).
Trough cross-bedded sandstones vertically separate some 
individual conglomerate units of the clast-supported type, 
and often grade laterally into those conglomerates.
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Fig. 6. Pla. -bedded aandotonca associated vith clast- 
supported cc>.L- omerat>■: Unit MD4; Saddleback Syncline.
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n - DESCRIPTION
Plnnv-Rvdded Sandr.tonea
C last-S uppoM rd Conglomorote
Large-Scale Trough 
Croos-Uedded Sandetonoa
4
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Fig. 7. Measured s t r a t i i r a p k ic  c e r t  io n  through a la s t-e u p p o rte d  
conglcr^  ra te s  a rd  acsoo i u  d rande tones: upper ccngtom erate j U n it HD4j 
Saddleback S yn e lin e ,
The two end-ircmber cone lomc rate-types arc best typified 
by the Havelock and lower MD4 conglomerates, respectively. 
Frequently, however, the matrix- and clast-supported con­
glomerates display rapid alternation in pairs varying 
bevween 4 and 10 metres In thickness. This is particularly 
noticeable in the upper Mb4 conglomerate of the Saddleback 
arc., (Fig. 2) .
A2. Trough Cn H« 1
Sediments belonging to this facies arc grouped 
together on Fig, 2 as 'impure sandstones'. The sandstones 
vary in composition from sublitharcnitcs and 1itharenites to 
lithic greywackes, are fine- to coarse-grained and poorly-
- 19 -
to vcry-poorly sorted. Cumulative frequency curves (Fig. 8) 
and statistical parameters (Table 3) for a number of samples 
from this facies indicate their highly immature character. 
Scattered pebbles, predominantly of chert, are common but 
siltstone and shale layers constitute a very small propor­
tion of this facies.
09,0
08
05 -
90 -
O  B0
50 -
U J O
10
M O  u
M  60.5
M  10
M  }t. M  0
M *
0,01
4 01.0 5 03.00 3.0-2 0
CHAIN SIZE (<*))
Fig, s. Grain-aizc cumulative frequency curved for 'impure e aide tones 
See Table 3 for sample localities. Curves dram for converted sieve 
equivalent percentiles.
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TABLE 3.
STATISTICAL PARAMETERS FOR MOODIES
IMPURE SANDSTONES
Sample No. M8 M6 MO 13 23 M26 M9 M10
Mean (0) 3,35 2,03 2,43 3,03 3,18 2,36 w M CO
Variance (0) 3,24 2,86 4 ,33 3,76 3,72 1,54 3,76
Std. Dev. (0) 1,80 1,69 2,08 1,93 2,21 1,24 1,93
Number o' 
Measurements 200 200 200 200 200 200 200
M8
M6
M013
23
Unit MD1, Saddleback Syncline 
Unit MD3, Saddleback Synclino 
Unit MD4, Saddleback Sync lino
Matrix to Lower Conglomerate in Unit MD4, Saddle­
back Sync line
M26 ; Makonjwa Area
M9 : Makonjwa Area
M10 : Makonjwa Area
(See Fig. 2 for istratigraphic positions)
Longert diameters of 200 grains were measured in thin section 
for each sample. Statistic 1 imetors were calculated 
using the equations of Inman (1952) after converting 
cumulative frequency thin section percent 1les to sieve 
equivalents (conversion equations after Harrell and Eriksson, 
in preparation).
See Appendix I for Statistical Parameter and Thin Section - 
Sieve Conversion Equations,
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Examples of vertical sequences of sedimentary structures 
developed in thin facies arc illustrated in Fig. 9. Deposition- 
al cycles vary from 5 to 30 m in thickness, and often commence 
with a scattered pebL'l-.. i tyer. Medium- and large-scale trough 
and occasional planar ct ss-beds trigs. 10, 11 and 12) are the 
predominant sedimentary ntr.cturos in over lying sandstones. 
Troughs are up to 6 m in widt.i and vary from 20 cm to 2,5 m 
in thickness. Markedly crosionnl contacts, which may be 
occupied by shule-partings, separate the trough cross-bed sets. 
Shale-partings and flakes occur along some cross-bed forosets. 
Depositional cycles are capped by a variety of sedimentary 
structures inclui *ng small-scale cross-bedding or ripple-cross- 
lamination, plane-bedding with or without primary current 
1 incat ions, ripple-dri ft cross-lamination and desiccated shalo- 
partings, shale drape-laminae (Fig, 13) and convolute lamina­
tion in siltstonc (Fig. 14). The thick sequences of 'impure 
sandstones' (Fig. 2) consist of stacked, overlapping and often 
scour-based partial or complete cycles of the types illustrated 
in Fig. 9. Where not fully developed, the upper parts of cycles 
arc missing, and thick uninterrupted intervals of trough cross- 
bedded sandstones arc developed.
Palacocurrcnt measurements on medium-scale trough cross-
beds were made at a number of stations on different stratigra-
phic units. The cumulative results of these measurements
*
for each stratigraphlc unit arc shown in Fig. 15 (Sec Figs.
1 and 2 for localities). A consistent northerly transport 
direction is indicated throughout the deposition of this facies.
*FOOTNOTE 1 : See Appendix 11 for field measurement
and store*, net rotation procedures.
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f:'#. 9. V.caeurcd vertical ecquencua of lithologica and Gcdimntary 
otructurco in the trough cropo-bcddcd oandotonc facies.
A3. i: ; one - Slltstonc - Shale
Sediments of this facies uro somewhat restricted in 
their distribution, and arc illustrated in Fiq. 2 as 
siltr.tones and shales in the M.ikonjwa and Havelock areas, 
part of unit MDl and much of MD5 in the Eureka Synclino, 
limited portions of unit Ml)4 in the Saddleback Syncline and 
part of unit MDl in the Stolsburg Syncline. Thin conglomer- 
ato-sandstone sequences, which always constitute less than 
10 percent of measured strat1 graphic Intervals, arc often 
present within the predominant alternating si It stones and 
shales.
The coarse-grained sedimenta of this facies arc 
arranged in 2 to 6 m thick upward-fining sequences (Fig. 16). 
Thin scattered-pobble and shale-flake conglomerates pass
»r
F ig , 10. Large-aoa le  trough  
oroao-bede: Makonjua area.
F ig . 11. la rg e -a o a le  trough  
oroao-bcda: U n it MD1; Saddlebaok 
S gno line .
F ig . 12. Pla/icu' .•
F ig . IS. In^pha te  r ip p le - d r i  f t  oroo
drape-lc tn inae o v e r la in  by baoe o f  auooeeding J e p o o it io n a l 
ay o le :  U n it MDSj Saddlebaok S yn o lin ^ .
F ia . 24. Como lu te  Icanination a n d  r ip p le - d r i ]  i  oroea- 
Im in a t io n :  U n it MD5; Eureka S yn o lm a .
M0« «*OOU«AC« WOI lu e iw *
F ig . 26. croeo-bed ve o to r roae diagrams f o r  the trough  
aroaa—bedded oandotone jaoveo.
oeecmFTKw
—-e-_—. t r
Alternating Sillstones end Shales
Sill»lone% and Detittaled Shale lamn.ae 
Mipine Cross - laminated Sandstones 
Rare Plane-Hedding mith Primary 
Current llneation
Trough Cross - Bedded Sandstones
Upward Decrease I \  
Crain- Sue 
and
Cross Had Set Thickness
-Scattered Pebbles
Alternating Si It stones ami Shales rare 
Ihtn S#nd lay# *______
40 Readings
F ig . IS. Mttaaured a t r ^ t ig r a p h ic  s ta t io n  through impure
acmdetone-eiltetonc-ahjle faoieo: Makonjua area.
Fig. 17. Finely-bedded alternating ailtetonen and oha leo : 
Unit MD4; Saddlabaak Syneline. Note the gradedt upieard- 
fining arrangement of siltotone-ohale paire cepeaially 
above the harmcv handle.
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upwards into lithic grcywackos structured by northerly- 
direct cu small- and medium-scale trough cross-beds. These 
sandstones decrease in grain-size upwards from coarse at the 
base to medium- and fine-grained at the top of the cycles.
An upward decrease in cross-bed set thickness, from 30 to 
less than 10 cm, also occurs. The upper fine-grained sand­
stones occasion.lly display plane-bedding with primary 
current line.itions, and are in turn overlain by si 1 tstoncs 
with thin desiccated shale-partings. Single upward-fining 
cycles, which generally extend laterally for tens of metres, 
are enclosed within horizontally-laminated and less commonly 
ripple-cross-laminated siltstones and horizontally-laminated 
shales (Fig. 17). The latter are commonly arranged in 
graded upward-fining units between 1 and 5 cm in thickness.
ill) Pal.ieoenvlronmont al Interpretation.
a) Genera 1 Environment.
A number of features of this facies assemblage can be 
used in a general pa1acoenvironmenta1 interpretation. The 
most imj>ort..nt of those are the immature character of the 
sediments, the strongly unimodal palaeoccurent patterns, and 
the widespread evidence of desiccation. These criteria 
indicate an environment of limited reworking which was 
influenced by unidirectional dispersal currents and subject­
ed periodically to nubaerial exposure, and are most 
compatible with an alluvial depositional setting. 'Die shape 
of the cumulative frequency curves, specifically the high 
suspended population (Fig. 8; Vi slier, 1969) as well as the 
vertical sequences of lithologica and sedimentary structures 
developed in this facies assemblage (Figs. 7, 9 and 16) 
further support an alluvial depositional environment (see
4
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for example Klein, 1972; Boothroyd and Ashley, 1975).
The three facies of this assemblage are now analysed 
in the context of the broadly defined alluvial plain 
depositional environment.
b) Cong)omer.ii <■ Faclcs (Al)
The two readily distinguishable conglomcrate-types 
developed in this facies must have originated in different 
sedimentary subcnvironmcnts and as a result of contrasting 
depositional processes within the general alluvial setting.
The coarseness of the matrix-supported conglomerates, 
their poor sorting, lack of grading and stratification, and 
the general absence of associated cross-bedding as well as 
the consistent lateral thickness of individual beds, arc 
all suggestive of a dcbris-flow mode of origin (lUisscnbach, 
1954; Bull, 1972; Walker, 1975). The arenaceous matrix 
to these conglomerates, however, argues against a true 
debris f > w  origin. Similar sand-supported conglomerates 
have boon ascribed by Miall (1970) to 'debris flood' 
processes which arc essentially sand debris flow phenomena. 
The less specific term 'mass flow' is preferred for these 
matrix-supported conglomerates which contain no direct 
evidence lor a vJrrous, matrlx-strength support mechanism 
during their transport (Middleton and Hampton, 1973). 
Individual matrix-supported conglomerate bods arc thought to 
be related to separate mans flows, which were probably 
generated during successive floods. The bed thickness to 
maximum clant-size graphic plot r. (Fig. 5) provide further 
information as to the process involved in the deposition of 
the matrix-supported conglomerates. Bluck (1907) showed
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that conglomerates deposited by torrential floods exhibit a 
good correlation between those two variables. This is due 
to the 'act that more intense flo s can transport qieatcr 
quantities of sediment and larger clasts which are deposited 
almost instantaneously as single bedding units. The 
excellent correlation between bed thickness and maximum 
clast-si zc in the matri x-supported conglomerates from this 
facies indicates that individual bedding units can be 
related to separate mass flows. The minor interbedded sand­
stones were probably formed during waning stages of indi­
vidual floods.
Although coarse-grained and poorly-sorted, the clast- 
supported conglomerates of this facies are frequently well- 
stratified and often display internal grading and a weak 
imbrication. In addition, abundant channeling occu. ind 
the intercalated sandstones are frequently cross-bedd J 
(Fig. 18). These features suggest that traction was the 
important process involved in the deposition of these 
alluvial conglomerates and associated sandstones. The poor 
correlation between clast-si zc and bed t > 1ckness in the 
lower MD4 conglomerate (Fig. 5) further supports this 
hypothcsis.
The upper reaches of modern braided alluvial plains 
are frequently structured by longitudinal bars composed of 
pebbles, cobbles and boulders (see, for example, Doe'-lus, 
1962; Boothroyd, 1972; Gustavson, 1974 ; Boothroyd and 
Ashley, 1975). These bars arc most commonly initiated by 
deposition of the coarse bedload fraction of a stream as 
lags in the .tiddle of the channel (Leopold and Wo1man,
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1957; Rust, 1972). The height of the bars is determined 
by fluid and sediment discharge (Hein and Walker, 1977).
If both remain high after deposition of the lag the bar will 
gruw downstream faster than it aggrades vertically A rapid 
decrease in both fluid and sediment discharge conversely 
results in vertical aggradation of the bar. Holocene 
gravel bars are generally capped by sands which, depending 
• on the flow regime, may be ripple-cross"laminated, small- 
scale cross-bedded or plane-bedded (Punt, op cit.).
Channels adjacent to the gravel bars frequently contain 
lower flow regime megaripples which continue to migrate at 
low flow stages after gravel movement has ceased (Williams 
and Rust, 1969; Boothroyd and Ashley, op cit.). The clast- 
supported conglomerates and associated sandstones of this 
facies (Fig. 18) can be explained in terms of these Holocene 
processes. Variations in fluid and sediment discharge 
probably determined the thickness of conglomerate beds (Fig.
5). Open gravel frameworks developed during relatively high 
discharge with tnc matrix deposited during waning-flow. "v'° 
predominance of plane-bedding in the intercalated sandstr 
implies short-lived upper flow regime conditions associated 
with rapid lowering of water level (Boothroyd and nicy, 
op. cit.). Intercalated trough cross-bedded sandstones are 
thought to represent 1ow-water channel deposits over which 
gravel bars migrated as they shifted laterally (Docglas,
1962).
The alternating matrix- and clast-supported conglomerates 
can be interpreted as due to fractional, possible sncctflood 
(Bull, 1972) reworking of earlier mass flow deposits. The 
moderate correlation between bed thickness and maximum
- 3 1 -
clast-slzc In the upper MD4 conglomerate of the Saddleback 
Syncline may be a reflection of these two deposit!onal 
processes, and contrasts with the excellent and poor 
correlations of the end member Havelock and lower MD4 
occurrences, respectively.
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O) Tl Sandstone Facies (
Upward-fining cycles similar to those illustrated in 
Pig. 19 form by channel filling and lateral migration in 
modern braided stream environments (Allen, 196 5; Coleman, 
1969; Boothroyd and Ashley, 1975). The braided channels of 
the Brahmaputra River arc characterised by innumerable sand-
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bars and mid-channel islands, which develop when the stream 
load exceeds its carrying capacity. Sandbars are diamond- 
shaped in plan view, with long axes parallel to the flow, 
and have their longer downstream faces covered with ripples 
and larger bedforms. Vertical accumulations of cross- 
bedded sandstones, up to 18 m in thickness, arc deposited 
in relatively short periods of time and arc attributed to 
deposition by a migrating sand bar during a single flood 
cycle. As a result of rapid lateral migration of the thalweg, 
a large percentage of these sand units arc preserved through­
out the length of the river.
//, Hen.. c*Ma ***** y *  »"** • w*e *«• ***-*•
L»#» ' «*#*»*» #**»# k.. ##*** «*'**#* *# *
mm *«*» •— ** t— * yarn—
F ig . 10. ralceo, nviror.rr,. ntal interpretation for trough croae-bcddea  
eandntcnc faoi> o.
Similar dcpositiona1 processes, including considerable 
vertical accretion# can be invoked for the thick sequences 
of cross-bedded sandstones in this facies (Fig. 19). 
Migration of megaripples across the surfaces of linguoid or 
longi tudinal bars, resulting in t Itc formation of trough
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cross-bcds, was the dominant dcpositional process. Down­
stream accretion of transverse bars probably accounts for 
the occasional planar cross-beds (Fig. 19D). The abundance 
of trough cross-bedding suggests that the streams had a low- 
sinuosity (Moody-Stuart, 1966), a hypothesis which is 
supported by the strongly unimodal palaeocurront patterns 
(Fig. 15). Low sinuosity streams also characteristically 
develop channel-fi1 Is by vertical accretion, rather than 
lateral migration (Moody-Stuart, op. cit.). Basal conglo­
merates arc interpreted as channel lags which formed during 
highest discharge and over which sandbars accreted as the 
stream velocity decreased.
Migration of large-scale bedforms occurs primarily 
during high-water stage. With decreasing discharge and 
resulting drop in water-level a variety of hydraulic 
regimes are generated on bar surfaces. These are reflected 
in the diverse assemblage of sedimentary structures which 
cap depositional cycles. Plane-bedded sandstones (Fig. 19B) 
formed under upper flow regime conditions as a response to 
rapid lower ' he water-level (Uoothroyd and Ashley,
1975). Wit adunixy decreasing flow velocities,high- 
amplitude gave way to low-,imp1it ude bedforms, leading to 
the development of small-scale cross-beds or ripple-cross- 
lamination at the top of depositional cycles (Fig. 19A). 
Capping ripple-drift cross-lamination (Fig. 19U and C) form­
ed when abundant sand and silt wore deposited from suspension. 
The gradation from type B to in-phase ripple-drift cross- 
lamination (Fig. 19C) reflects an <- Teasing suspended load 
to bed load ratio (JopJing and Walker, 1968) under waning 
flow velocities (Gustavson, ot al., 1975). Associated
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convolute lamination (Figs. 19C and 1-1) developed during 
dewatering of the inherently saturated ripple-drift 
cross-laminated sands and silts. In-phase ripple-drift 
cross-1ami nation and associated shale drape-1aminae arc 
similar to overbank levee accumulations in modern braided 
alluvial plains (Boothroyd and Ashley, op. cit.) and 
represent the only such deposits in this facies. Overbank 
sedimentation was confined to abandoned reaches of b-aided 
alluvial plains.
Although vertical accretion was an important process 
involved in the development of this facies, the persistence 
of the trough cross-bedded sandstones both along strike and 
down the palaeoelopc indicates that downstream and lateral 
migration were likewise significant. Sandbars in the 
Brahmaputra River migrate downstream for up to 1700 m during 
a single flood, at rates of between 90 and 120 m per day.
The same river has been found to migrate laterally for 
distances of over 700 m in short periods of time (Coleman, 
1969). Even greater lateral migration rates are available 
for the Kosi River for which figures of up to 30 km per year 
have boon obtained (Fahnestock, 1963). Braided floodulains 
are thus highly active deposit tonal regimes consisting of 
active and abandoned channels. Through constant shifting 
of stream courses, thick vertical accumulations of 
sediments arc developed. Erosion during the lateral shift­
ing of channels is responsible for the frequent removal of 
the bar surface deposits (Fig. 19) resulting in the 
formation of thick sequences of overlapping, scour-based 
trough cross-bedded sandstone 1rnsos of the type present 
in this facies.
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d) Impure Sandslono-SiItstono-Shalc Facies. (A3)
The character of the sediments in this facies indi­
cates deposition in two contrasting fluvial subenvironments 
(see review by Allen, 1965). In terms of their textures, 
sedimentary structures and vertical sequences (Fig. 20), the 
conglomerates and sandstones are analogous to channel 
sediments of modern streams (Harms and Fahnestock, 1965; 
Sarkar and Basumal1ick, 1968). The enclosing finer-grained 
sediments closely resemble contemporary overbank floodplain 
deposits (McKee et a 1 ., 1967).
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Fig. 20. Inferred depnaitional environments of impurt' a an Jet one- 
ailtetone-ehale faciee.
Their persist once along strike, and limited thickness, 
suggest that lateral rather than vertical accretion was the 
most important process responsible for the deposition of the
- 36 -
conglomerates and sandstones of this facies. Meandering 
rivers most commonly undergo this type o r lateral migration 
as a result, of erosion of the outer and deposition on the 
inner bank (Visher, 1972) . Vertical changes in dcpositional 
structures and grain-sizes within the coursc-membcr can be 
attributed to the spatial variation of hydraulic parameters 
within river channels (Allen, 1970). Basal scattcrcd- 
pobble conglomerates represent channel lag deposits across 
which lower point bar coarse- and medium-grained trough 
cross-bedded sandstones accreted (see Fig. 20). A contin­
uing decrease in flow velocity at shallower water depths 
resulted in the development of finer-grained sandstones, 
structured by small-scale trough cross-beds and ripple-cross- 
lamination, on the upper point b..r. Occasional primary 
current 1Incat ions on plane-bedded f ine-grained sandstones 
Indicate short-lived upper flow regime conditions on the 
upper point bars as a result of a decrease in water depth.
The fine-grained member of this facies developed under 
waning bed load and suspension sedimentation processes and, 
as indicated by the absence of desiccation cracks, were 
probably maintained in a continually saturated state. The 
predominance of ripple-cross-lamination and plane*bedding in 
the siItstoncs and fine-grained sandstones, to the exclusion 
of large-scale sedimentary structures, is in accord with 
experimental findings. Willis vt al. (1972) have shown 
that, for grain-sizes of less than 0,10 mm, increasing flow 
velocities result in ripples giving way directly to upper 
flat beds. Wolman and Leopold (1957) in turn found that 
high velocities are cononon during over bank flows.
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In many respects the depositiorml model proposed for 
this facies corresponds to the hiyh-sinuosity model of Moody- 
Stuart (1966). Although extensive large-scale planar cross- 
beds arc not developed, lateral point bnv migration was 
still an Important process involved in the formation of the 
upward-fining cycles. Furthermore, the thickness of the 
coarse-grained units indicate that channcl-dcpths varied 
between 2 and 6 metres (Schumm, 1972; Locdcr, 1973).
e) Pi r.cus;-. 1 on .
Having interpreted each facies in terms of local 
processes it is now necessary to develop a single dcposition- 
al model for this assemblage of fluvial sediments. In 
general terms, alluvial plains arc characterised by a down­
stream decrease in grain-sizc, especially for sediments 
which constitute bars (Smith, 1974 ; Doothroyd and Ashley, 
1975), and a downstream variation in bar morphology.
Channels in the upper reaches of alluvial plains generally 
contain longitudinal or llnguoid bars, while those in lower 
alluvial plains are more common1y structured by transverse 
or point bars (Smith, 1970; Boothroyd and Ashley, < p. clt.,). 
Braided channels develop on steeper proximal slopes and 
meandering channels on low gradient, more distal parts of 
alluvial plains (Leopold and Wo1man , 1957). A sympathetic 
change from low- to high-sinuosity streams occurs away from 
the source area.
Based on the above, it can be implied that the con­
glomeratic facies of this assemblage was deposited on the 
upper, more southerly, and the impure sandstono-si1tstono- 
shale facies cn the lower, more northerly reaches of the
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alluvial plain. Thick sctjucncorj of I rough crosa-bcddod 
sandstones accumulated in mid-alluvial plain environments.
The exact nature of the upper alluvial plain, on 
which conglomerates wore deposited by both mass flow and 
fractional processes, requires further clarification.
Debris flows most characteristically occur on dry region 
alluvial fans and result in the formation of muddy, matrix- 
supported conglomerates (Bull, 1972). Sandy, matrix-supported 
conglomerates of the type present in chis facies, arc atypical 
of alluvial fans, and may have developed instead on the upper 
parts of humid region cut x-ash fans during floods. Inter­
relationships between the clast-supported conglomerates and 
associated sandstones are similar to those for gravel bar 
and channel bar sediments on the upper readies of the Scott 
and Yana fans in Alaska (Boothroyd and Ashley, op. cit.)
Both conglomorato-types thus probably accumulated on upper 
outwash fans but with the matrix-supported conglomerates 
deposited proximal to the clast-supported types (Hooke, 1967). 
The frequent inter1aycring of the two conglomerato-types, 
indicates that mass flow and tractional processes alternated 
through time on the upper outwash fans.
- 39 -
'OSITIONAL FACIES ASSEMBI,AGE 'B'
i) Introduction.
This fades assemblage is limited to the lower half of 
unit MD3 in the Saddleback Sync11nr (Fig. 2). Lithologic 
characterisation is not possible, as conglomerates, impure 
sandstones, orthoquartzitcs, siltstones and shales occur 
within the assemblage. Three distinct facies in sharp litho­
logic contact can be recognized. Two of these are continuous 
throughout the Saddleback Syncline? the third (medium- to 
coarse-grained sandstone facies) has a more restricted dis­
tribution and, where present, separates the other two. The 
facies arc described stratigraphically from top to bottom.
11) Description of Facies.
B1. Cong 1 omor_.>t» -Sand;.t one Facies .
This facies, which occurs as a laterally persistent 
unit up to 300 m in thickness, consists of a scries of 
stacked 1ensold bodies of conglomerate and sandstone enclosed 
in finer-grained sediments. Individual lenses arc composed 
of a number of 1-3 m thick upward-fining cycles (Fig. 21).
A basal conglomerate is composed of pebbles of chert, vein 
quartz, quartz!tc and lava, from 1 to 8 cm in diameter, and 
angular shalo-flakes, in a coarse sub.irkoslc matrix. The 
pebbles vary considerably in their degree ol rounding and 
sorting. Overlying coarse-grained Bub.irkonea contain 
abundant unidirectional, and loos common bidirectional planar 
cross-bedding (Fig. 22), common 1y with ohalc-drapes or small 
pebbles on the foreset surfaces. Flow separation is indicat­
ed by regressive ripples (Fig. 23; Boersma, 19G7) in a few 
of the planar cross-bed units which also contain reactivation
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surfaces. The upper parts of these cycles consist pre­
dominantly of plane-bedded,fine- to medium-grained quartz 
wackes with thin shale-partlngs or flasers (Fig. 24). These 
shalc-partings arc invariably desiccated (Fig, 25) with 
angular and rounded (Fig. 26) flakes reworked into overlying 
sediments. Small-scale planar and herringbone cross-bedding 
(Fig. 21, see also Fig. 22) arc also developed in this unit. 
Thin units of fine-grained ripple-drift cross-laminated 
sandstones and slltrtonos (Fig. 27) often occupy the upper 
parts of these cycles and include types A and B which rarely 
become in-phase (terminology o,. Jopling and Walker, 1968) . 
The coarser-grained lenses are enclosed in rhythmically 
intcrlayered dark mudstones and highly argillaceous conrsc- 
to fine-grained quartz wackes. Desiccation is common, and 
the wackes invariably contain angular shale-flakes.
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F ig . 22. Crose-bed vector roee diagrams f o r  conglom erate’ 
sandstone facies: Unit W c; Saddleback S ync line .
F ig . 23. P lana r cross-bed se t with, re g re ss ive  r ip p le s  to  
l e f t  o f  sca le  and s h a le -p a r tin g s  on fo re s e ts :  U n it MDi; 
Saddleback S ync line  (sca le  in  1 err. d iv is io n s ) .
.,
F iy . 25. Deoioaated e h a U -p a v tin g a : U n it W 3 ; Sadalebaok
S yna line .
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27. Typt? >1 rippla-drift ercao-lamination: Unit MD3; 
Saddleback Synoline (eoale in 1 atwi 6 tm divieione),
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B2 • Medium- l:o roirnn-dr.ii nod S.incl.1;! one I'aci os .
Medium- to coarse-grained quartz arcnites are develop­
ed through an 80 m thickness (Fig. 28), and along a strike 
length of 4 km, in the western part of the Saddleback 
Sync!ire (Fig. 1). They arc characterised by high chert 
and polycrystal 1inc quartz contents, which together may 
constitute up to 25 per cent of the rock. Grains vary from 
well-rounded to rounded to sub-rounded, and the sediments 
arc moderately- to well-sorted. Occasional pebble streaks 
occupy the bases of crosiona1 channels in the sandstones. 
Scattered pebbles arc also common, varying from sub-angular 
to well-rounded, and averaging 5 cm in diameter. They 
consist mainly of black and white chert with subordinate 
vein quartz, quartzlte and silicified lava. Rip-up shale- 
flakes arc also present.
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In its lower 80 m this facies consists of laterally 
persistent planar cross-bedded units with pebble streaks 
(Fig. 28). Individual cross-bed units average 15 cm, ard 
are up to 30 cm, in thickness. The cross-bedding is 
generally unimoda1 (Fig. 29) towards the northeast quadrant, 
with less common s 'uthwesterly oriented foresets (Fig. 31A) . 
On the exposed eastern margin of the sandstone body, however, 
herringbone cross-bedding (Fig. 30) predominates, resulting 
in distinct bimodal-bipolar dispersal patterns (Fig. 3IB). 
Other sedimentary structures include reactivation surfaces 
(Klein, 1970a) and linear ripples. Unusual occurrences of 
ripple-dri ft cross-lamination in medium- to coarse-grained 
sandstones ’ o charact this facies. Types A ard B
-phase variety. Deformed 
?mporaneous deformation
occur to the exclusic 
foreset laminae are rt 
features.
i A B
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FtV. 21. Croaa-bed veotcr re a a K a g r  we f o r  medium'- to o c a ra e -g ro irc d  
aendsiore fa c ic a :  U n it  Saddleback Sy o l in e .
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In Its lower 80 m this facies consists of laterally 
persists :;t planar cross-bedded units with pebble freaks 
(i'ig. 28). Individual cross-bed units average 15 cm, and 
are up to 30 cm, in thickness. The cross-beddin ? is 
generally unimod 1 (Fiq. 29) towards the northeast quadrant, 
wit i less common uthwes ter ly oriented fore sets (Fig. 31 A) . 
On the exposed eastern margin of the sandstone body, however, 
herringbone cross-bedding (Fig. 30) predominates, resulting 
in distinct bimodal-bipolar dispersal patterns (Fig. 31B). 
Other sedimentary structures include reactivation surfaces 
(Klein, 1970a) and lineai ripples. Un:sual occurrences o f  
ripple-dri ft cross-lamination in medium- to coarse-grained 
sandstones also characterise this facies. Types A and 3 
occur to the exclusion of the in-phase variety. Deformed 
foreset laminae are rare pence tomporaneous deformation 
features.
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F i j .  31. Crcee-bod v e c to r rcae uta^r-mc f c r  mei i u r -  to  X 'a ra e -g ra in n J  
cond tton * * 'a d c e : S!D3j S&iu-. baS< Sy ’ »;t.
A variant of this fades occurs strati graphically 
above tie previously described clean sandstone, but separat­
ed from it by a 10 m thick unit of intcr1ayorcd sandstones 
and shales, analagous to those which enclose the upward- 
fining cycles of the conglomerate-sandstone facies (Fig. 29). 
Alternating medium- and coarse-grained subarkoses occur 
through the upper 40 m thickness (Fig. 28), the coarser 
variety as thin lenses and more continuous layers up to 
lr> cm thick. Grains are sub- to well-rounded and sorting is 
moderate. Chert and polycryst a 11inr quartz arc common 
constituents. Plane-bedding (Fig. 32) is the predominant 
sedimentary structure, with occasional trough cross-bedding 
in units less than 8 cm thick. These cross-beds arc oriented 
at right angles to those at the lower level, namely towards 
the northwesterly quadrant. Ripplo-cross-lamination (Fig.
32) is present in the upper part of this unit, where linear 
ripples are also cc:imon. Shale layers, up to 5 cm thick, 
and thin drapes, arc intcrlaycrcd within the coarser 
elastics. These are invariably desiccated and often re­
worked to form discrete angular or curled-up shale-flakes 
(Figs. 33 and 34). Columnar water-escape structures (Fig.
35j Lowe, 1975) are also present.
R3. ivj
Fine- to coarse-grained sandstones of this facies arc 
developed through strutigraphic thicknesses upwards of 300 m 
(Fig. 2) and occur in sharp contact beneath either of the 
two overlying facies (Ml or M2). The sandstones arc 
fcl spathic greywaekos in composition, arc poorly-sorted and
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Fiq. 32, PUn*~b* i's~:■r'.inj! ion U
*;,aZg drop## fnit MDo; SaddU ba'k Sync l in e  (e ca U  in  1 and 
6 am d iv is io n s ).
F ig , 33, Two-stags desiccation o f n- n it  MD3i
Saddlebaok Syno line  (note Hamer hood fo r scale).
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grains arc moderately rounded to angular. Thin shalc- 
lamlnae coat 0,5 to 1,5 cm thick (often coarse-tail graded) 
units which arc normally grain-supported at their base and 
become more loosely-packed within an argillaceous m itrix 
upwards. A single occurrence of desiccation-cracking of a 
shale-parting was observed.
Primary sedimentary structures arc absent from this 
facies. Soft-sediment or pcnecontemporanoous deformation 
structures occur throughout. The best developed of those 
arc water-escape pipe:; ot sheets (Middleton and Hampton,
1973) which may extend vertically for up to 3m (Fig. 36).
The shale-coated contacts between graded units arc 
ubiquitously ragged and display small annulate and cupola- 
shaped irregularities (Fig. 37; Lcwc 1975, Fig. 3b) and 
small-scale flame structures. Silica concretions, up to \ cm 
in diameter, frequently occur within the upwarped irregulari­
ties between graded unit:.
ill) P,> 1 aooenvi ror.H'i»nt a 1 Int» i pret it ion .
a) Getu r■ 11 l:nv i rontrumt .
Any depositional model proposer, for this facies 
assemblage must account for the variable 1ithologlca, both 
in terms of grain-si/e and textural maturity, and the often 
bimoda1-bipo1ar pattern of the palaoocu.rent vectors. in 
addition, cogn1. tnce must be taken of the upward-coarsening 
arrangement ol the facies assemblage, and the increasing 
evidence of desiccation upwards. The above criteria imply 
a depositional environment that was subjected to variable 
degrees of reworking by tidal processes. An upward-shallowing 
of the depository with time is a 1 no indicated. Prograding
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F i j . Jc*. .Ti i—« . p 'y- a (o h e o to ): U n it MDSj Saddleback
S ync line .
... . m graded arenaceous u n ite .
Not'' the em ail a r . ju la tr  and eupola-ehaped i r r e g u la r i t ic e  
de fined  by th in  d  ;y lam inae: Ur.it MD3; Saddleback S yno line  
(sca le x W.
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marine depositional systems can account for many of these 
features. Neither the barrier island model (Bernard ct al., 
1962) nor the Mississippi Delta mode) (Wright and Coleman,
1974) , however, explain all the variables of this facies 
assemblage. It is intended th.it each facies be analysed 
separately before combining them into a single depositional 
model.
b) Conglomerate-? indstone '’ac 1 or. (Bl)
Upward-fining cycles, analogous to those developed 
in this facies (Fig. 38) are described frcm the Rhine and 
Meuse estuaries of the Netherlands coast (Oomkens and 
Tcrwindt, 1960; Terwindt, 1971). Sedimentation in these 
estuaries is accomplished mainly by the lateral migration 
of tidal channels which deposit :
1) Coarse-grained, impure, cross-bedded
sands overlying a basal lag deposit; and,
2 )  Medium- to fine-grained, cleaner sands 
with plane-bedding and abundant thin 
clay drapes.
The basal lag of the Holocenc examples is composed of 
shell debris, and mud-flakes derived by eronion of channel 
hanks. Shale-flakes arc common in the channel lag of the
conglomerate-sandstone facies, but the presence of abundant
quartz and chert pebbles suggests a strong fluvial input into 
the deposit ional system. In this respect, the Moodies cycles 
are more similar to the tidal channels of the Niger Delta,, 
where Oomkens (197^) has recognized a strong fluvial influence. 
The tidal channels of the North Sea, by contrast, derive
1
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almost all their sediment from offshore (Noordshoorn 
van der Kruijff and Lagaalj, 1960).
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Coarse-grained, cross-l.edded sandstones of this
fades rest on the basal lag, and arc thought to indicate a
transition from upper to lower flow regime conditions from
the channel floor to the lower point bar. Ubiquitous planar
cross-bedding and smal1-pebble lenses on the foresets
indicate rapid sedimentation in the middle to upper part of
the lower flow regime (Simons et al., 1965; Jopling, 196r ', .
Migration of linear or slightly sinous megaripples on lower
point bars was both landward and basinward (Fig. 22) in
different parts of the estuary. The thin shale laminae
common ly present on t lie foresets of these cross-beds indicate 
$
rapidly fluctuating energy conditions. A tidal circulation 
pattern, with alternating bedload and suspension sedimenta­
tion, can be inferred.
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The plane-bedded upper unit probably formed on "pper 
point bars in the lower part of the lower flow regime (Klein, 
1967b). This is supported by the thin clay laminae dis­
tributed throughout the sandstones, which indicate that the 
critical shear velocity for the initiation of sediment (clay) 
movement was not surpassed (Terwindt and Breusers, 1973). 
These were deposited during the turning of the tides, and 
almost certainly would have been removed by upper flow 
regime conditions. The associated small-scale cross- 
bedding also indicates a 1 we- flow regime condition. The 
bimodal-bipolar character (Fig. 22) of this planar cross- 
bedding indicates that linear megaripple migration was both 
landward and basinward. Flood and ebb currents thus appear 
to have been of equal strength during the deposition of the 
upper un't of these cycles. associated npplc-drift cross­
lamination probably represents levoe or upper point bar 
deposition. A high suspended to bedload ratio is indicated, 
with the in-phase variety representing a suspension sedimen­
tation phenomenon under waning energy conditions (Jopling 
and Walker, 1968). Oomkens (1974) considered that the 
presence of thin clay laminae on foresets of upward-fining 
cycles is adequate to distinguish between fluvial and tidal 
channcl-fi11 sequences. In association with the bimodal 
cross-bedding these shale laminae thus serve to characterise 
those cycles as tidal channel deposits.
The channel-fi11 sediments occur within rhythmically 
interlaynrcd shales and argillaceous sandstones analagous to 
the deposits formed under 1 low-current action" in the 
Netherlands estuaries (Oomkens and Terwindt, I960; Terwindt, 
1971). They arc interpreted as cstuarine tidal flat deposits,
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and in Holoccnc environments like the Niger Dr'lta (Oomkens, 
1974) would probably include marsh deposits. Shalc-flakes 
in the basal lags of this facies were derived from these 
sediments by lateral migration of tidal channels. These 
rhythmically layered sediments arc also similar to deposits 
from lower tidal flats of the Waddcn Sea, where Van St;aatcn 
(1954) described meandering tidal channels cutting across 
muds and muddy sand deposits.
c) Medium- to Coarso-r mdr.l <'»»■ Kacncr (B2)
In many modern estuaries, particularly where exposed 
to the open ocean, tidal channel sediments are intimately 
associated with sand shoals, many of which emerge at low 
tide. Notable examples arc those of the Haringvliet estuary 
on the Netherlands coast (Oomkens and Terwindt, 1960;
Terwindt, 1971) and the Elbe estuary in the German Right 
(Rcinock and Singh, 1973, p. 318). In both examples 
extensive reworking of sediments occurs as a result of high 
tidal ranges.
Many features of the medium- to coarse-grained sand­
stone faci<s can be recognized in these modern shoal deposits. 
The lower 80 m of this facies (Fig. 39) formed largely by 
linear megaripple migration in the upper part of the lower 
flow regime. Such bedforms predominate on the surface of the 
Elbe shoals, and are most abundant below low-water level 
(Dorjes, ot al., 1970). The dominant ebb orientation (Fig. 
31A) of planar cross-bedding through much of this facies 
indicates that offshore currents washed over the surface of 
the shoals. Strong offshore-directed currents have been 
recorded from the German Right (Gadow and Reineck, 1969)
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Such currents may be capable of transporting pebbles, and 
could account for the conglomerate lenses in this facies, 
which appear to occupy tidal scours. The pebbles were 
probably derived from nearby estuaries. Furthermore the 
ripple-drift cross-lamination often developed in these sand­
stones, points to currents capable of transporting a signifi 
cant quantity of medium- and coarse-grained sands in 
suspension. On the eastern extremity of the sandstone body 
abundant bimoda1-bipolar cross-bedding (Fig. 31B) suggests 
that both flood and ebb currents operated on the margins of 
the shoal, clearly illustrating the timc-vcloctty asymmetry 
of the tidal currents (Klein, 1970a). Rare reactivation 
surfaces lend further support to the contention that this 
facies accumulated in a tide-dominated environment.
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On the Elbe shoals, mogaripplcs arc less common above 
wave-base, and plane-bedded, coarse-grained saj.ds, display­
ing current ripples, predominate. At still shallower depths, 
and especially above low-water line, muds arc associated 
with sands (Dorjcs, ct al., op cit.). The upper 0 m of
the medium- to coarse-grained sandstone facies (Fig. 39) 
display characteristics similar to the shallow-watcr portions 
of the Elbe shoals. Plane-bedded sandstones and small 
troujh cross-beds, with shale flasers and desiccation cracks 
in the upper parts, indicate a gradual shallowing. The term 
"tidal bedding" has been applied by Wunderlich (1970) to 
alternating sands and muds of this type. Structures within 
the sands, such as ripplc-cross-lamination (Fig. 32), suggest 
deposition in the lower part of the lower flow regime.
Interlayered, horizontally-laminated, coarse- and medium- 
grained sands arc diagnostic of this regime (Jopling, 1964) 
and may form by the migration of very low amplitude sand 
waves (Smith, 1971).
In summary, it is proposed that the lower and upper 
sand-dominated units of this facies accumulated below and 
above wave base icsprctivcly. The rhythmically laminated 
shales and sandstones separating these two units (Fig. 39) 
are identical to the tidal dr]talc plain deposits in which 
• the tidal channel sequences occur, and represent a lens of 
this facies sandwiched within a prograding shoal assemblage.
d) Pen* nr Facies (B3)
The lack of preserved primary sedimentary structures 
and the immature, often loosely packed nature of the 
sediments in this facies indicate rapid deposition in the 
absence of bedload processes. The frequently encountered
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coarsc-tail grading of deposit1onal units is suggest ivc of 
gravity flow processes (Middleton and Hampton, 1973). One 
possible gravity flow mechanism is liquefaction, which 
occurs when an unconsolidated grain-supported sediment is 
transformed into a transitory fluid-supported suspension as 
a result of a rapid but temporary increase in the pore fluid 
pressure (Lowe, 1975) . Sedimentary particles arc transport­
ed in this state, in response to gravity, as long as the 
pore pressure exceeds the hydrostatic pressure. Resodimenta­
tion (upon loss of pore pressure) results in the downweiu 
settling of solids through the fluid (Lowe, 1970). This 
often develops basal grain-supported coarse fractions 
similar to the coarse tails present within individual 
depositional units of this facies. Deposition of the finer- 
grained debris from a suspended state in diluted turbidity 
cu.iwnts (Lowe, 1976) could account for the upper loosely- 
packed portions of graded units, and the capping shale 
laminae.
Pcnecontemporaneous deformation structures in 
liquefied flow deposits form as a result of water migration 
either during or after deposition of overlying units (Lowe, 
1976). The vertical persistence of water-escape pipes or 
sheets in this facies points to the simultaneous dewatering 
of depositional sequences upwards of 3 m in thickness. The 
ragged contacts between individual depositional units (Fig. 
37), and specifically the small-scale flame structures, 
probably formed through loading and/or passive, as opposed 
to forceful, water escape. Kvidonce for the accumulation of 
saturated waters below U>* thin shale laminae is provided by 
the common silica concretions within the upwarped
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irregularities. The lack of dish and pillar structures 
(Lowe and Lo Piccolo, 1974) in this facies suggests that 
rapid sedimentation resulted in an excessive load, which 
limited the forceful escape of wutor to large cross-cutting 
pipes and sheets which may follow pcnecontcmporaneous 
joints.
Liquefied sediment flow deposits are not diagnostic 
of specific sedimentary environments. Although rapidly 
deposited sediments and their associated dcwatering 
structures most commonly form in deep-watcrs, they may also 
develop in delta front and alluvial fan dcposltional 
environments (Lowe and Lo Piccolo, 1974). The association 
of this facies with delta plain and sand shoal deposits 
suggests a delta front as the most likely depositional 
setting. Repetitive liquefied gravity flow surges on a 
steepened slope fronting the delta plain could adequately 
account for the primary and secondary characteristics of 
this facies. Rare subaorial exposure of the upper part of 
the delta front, where in contact with the delta plain to 
the exclusion of the sand shoal facies, would have resulted 
in occasional desiccation of shale laminae within this facies.
e ) D iscussion.
At first appearance the upward-coarsening sequence 
of this facies assemblage displays few features in common 
with modern-day deltas. Often, however, del(as which 
experience high tidal ranges display primarily tidal flat 
depositional characteristics, and differ in most respects 
from deltas that develop undri lower tidal ranges, or which 
arc subjected to high wave energies (see Fig. 40). Tidal
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processes at river mouths produce intensive meandering 
above the zone of tidal influence, cause tidal channels 
to be sand-filled, and result in the accumulation of 
large, linear sandy tidal ridges seaward of the river 
mouth (Coleman and Wright, 1975). The Ord River Delta 
in northern Australia, Illustrates the above processes. 
Semi-diurnal tides have a mean range of 3,80 m, and an 
average spring range of 5,15 m, but an upstream 
amplification of the tidal wave causes moan and spring 
tidal ranges of 4,75 and 6,60 m, respectively, within 
the delta itself. Tidal currents arc orientated 
dominantly in an offshore-onshon- direction, and, 
as is also the cafe for the macrotidal Fly Delta 
(Galloway, 1975; Fig. 40) produce sand shoals, covered 
by mcgaripplcs, oriented perpendicular to the shoreline 
(Wright et al., 1975).
The three facies of assemblage 'D' can be 
readily reconciled with a deltaic dcpositional model 
of high tidal energies. The ponocontcmpornnoously 
deformed sandstones (B3) of delta front origin were 
prograded across by elongate sand shoal (B2) and 
deltaic plain, including tiv. channel (Bl), 
accumulations.
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DEPOSIT ! ONAI, 1'AC I 1:S An^ l:MliLAGI\
i) Introduction.
Where fully-developed, this assemblage contains four 
lithologic facies arranged in upward-coarsening stratigraphic 
sequences. The sequence commences with a thick pile of fine­
grained sediment, capped by cross-bedded and plane-bedded 
orthoquartzitic sandstones (Fig. 41) and is best developed 
in unit MD3 in the Eureka and Stolzburg synclincs (Fig. 2). 
The overlying stratigraphic unit in the same synclinos (MD4) 
contains the two finer-grained facies of this assemblage, but 
the orthoquart z i t t c sandstones are preserved only in the 
Eureka Syncline, where represented by the plane-bedded facies 
at the top of unit MD4. The upper orthoquartzitic sandstones 
of units MD1 and MD3 in the Saddleback Syncline (Fig. 2) ore 
also of the plane-bedded variety. Conglomerates arc 
associated with the upper orthoquartzitic sandstone of unit 
MD3 in the Saddleback Syncline, and are intercalated on a 
fine scale with similar sandstones at the top of unit MD4 in 
the Stolzburg Syncline (Fig. 2).
11) Description of Facies.
Cl Silts! o n e  - Mi M ■ - Banded Iron Formation Fad e s .
Banded iron formations, up to 20 m in thickness, and 
consisting of alternating jasper and hematite layers, occur 
at the base of this fnrios assemblage (Fig. 41). These 
are mainly horizontal1y-laminated with less common poddy- 
bedding (Fig. 42). The overlying shales (Fig. 41), which 
arc also horizontally-laminated, contain intercalated jasper 
lenses, laterally-persistent jasper layers averaging 4 cm in 
thickness, and siltstonc lenscu. The proportion of siltntone
“ 6 3 “
alternating v/ith shale increases upwards, until the upper 
50 m contains roughly equal proportions of the two litholo- 
glcs (Fig. 41). Sedimentary structures in the siltstones 
are horizontal-lamination and ripple-cross-Iamination.
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C2 S.indnt one - Silt stone Fact os .
This fades has a gradational contact with facies 
Cl and is composed almost exclusively of Inter layered fine-
— bA —
H&;
.
hem atite  and ja e fc v :  U n ii MDS; 'J i. 'a/ ."j S yn a lin s  (sca le  
in  1 and 6 <yn d iv is io n s ) .
\
4 s
> .
i  V -
* , — •> I « ^x/rL
jj-•,
-  .jjB? - ■ • ,
-
e'jV •
f
ftg. 4J. A lta m a t ir ig  f in e -g ra in e d  sandstones and s il ts to n e s  
w ith  sh c le  p a r t in y s :  U n it MD.ij Eureka S yno line .
4
Fig. 44. Overlapping trough oroea-beds; sondetone-eilketone 
fa&ice: Unit MD3; Eureka Synoline.
q u arta itio  aondetone faci-ee: Unit MD3; ureka Synoline.
grained sandstones and siltstones with thin shale layers 
(Fig. 43). The sandstones und siltstones consist of well- 
rounded quartz grains in an argillaceous matrix and be
classified as quartzwackes. Sedimentary structures in he 
wackes are dominantly ripple-cross-lumination. Upward- 
fining quartzwacke lenses are commonly developed in the 
upper 50 m of the facies. These vary from 1 to 3 m in 
thickness, 10 to 20 m in strike length and increase in i. .ze 
and abundance upwards. Medium-grained sandstones at the 
base are structured by northerly-directed small-scale trough 
cross-beds (Figs. 44 and 46B) and pass upwards into fine­
grained sandstones and siltstones containing types A and B, 
and in-phase rlpple-drift cross-lamination (Fig. 41).
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C 3 f'ross-Bedded Orthogu irt z 11 ir Sandstone Facies .
Cross-bedded orthoquartzitic sandstones are laterally 
persistent around the Eureka and Stolzburg synclines (MD3) 
with little variation in stratigraphic thickness, and rest 
with a sharp contact on the underlying sandstones and
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siltstones (Fig. 41). Well-rounded, medium- to very coarse • 
grained and often granular quartz arenitcs are the predomi­
nant lithologics in the lower two-thirJs of the facies. 
Overlapping small- and medium-scale trough cross-beds 
constitute the only sedimentary structures. These are 
directed mainly to the north but with a weak southerly mode 
also present (Fig. 46A). Cross-beds decrease upwards in 
thickness from 20 to 10 cm through units of up to 3 m.
The upper 25 m of this facies consists of stacked 
4 - 6 m upward-fining cycles (Fig. 41). Where fully- 
developed these contain thin basal conglomerates, consisting 
of small scattered quartz and chert pebbles, passing upwards 
into fine- and medium-grained quartz arcnites structured by 
medium- and large-scale planar cross-beds directed to the 
northeast (Fig. 46A). Herringbone cross-beds (Fig. 45), 
with a northeast and southwest bimodal-bipolar orientation 
(Fig. 46A), are frequently developed towards the top of the 
cycles which may be capped by 10 to 30 cm thick horizontally- 
laminated and ripple-cross-laminated siltstone layers. 
Plano-bedded sandstones are scattered throughout the cycles 
and shale drapes arc common along forcset surfaces. The 
upward-fining cycles arc seldom preserved in their entirety 
with the herringbone cross-bedded and silty units frequently 
absent.
('4 P I . Orthoquart
The orthoquartzitic sandstones of this facies (Fig.41) 
contain between 75 and 90 percent quartz. Well- to 
moderately-rounded, medium-grained and generally well-sorted 
quartz arcnites predominate but sublitharcnites and
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subarkoses, whi-h may contain up to 10 percent matrix, are 
also common. Where capping upward-coarsening sequences, 
the orthoquartzitic sandstones arc laterally persistent but 
vary in thickness along strike from 10 to 20 metres. Flat, 
lensoid bodies arc more common where this facies is enclosed 
within impure sandstones (see Fig. 2). Cumulative curves 
(Fig. 47) and statistical parameters (Table 4) for samples 
from one of these sandstones indicate their high degree of 
maturity.
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TAB1.K 4 
METERS FOR MOODIES ORTHOQl 
INTMRCAI.ATL!) WITHIN ' TMPURK SANDSTONES '
Sample No. M21 MO 15 M021 M79
Mean (0) 0.77 0.67 1.18 0.54
Variance (0) 0.28 0.52 0.56 0.21
Std. Dev. (0) 0. 53 0.72 0.75 0.46
Number of 
Measurements 200 200 200 200
All samples from top of Unit MD3, Saddleback Syncllnc. 
(roo Figure 2 for stratlgraphic position).
Procedures for calculating the statistical parameters 
were the same am discussed in Table 3.
The orthoquartzitic sandstones arc mainl, ulane- 
beddcd (Fig. 48) with low-angle discordances. Occasional 
heavy mineral layers occur. Planar cross-bod intrascts 
(Fig. 49) vary in thickness from 15 to 80 cm and are 
easterly-directed in all instances. Where capping upward- 
coarsening stratlgraphic sequences, thr orthoquartzites 
often contain 1iguold, sinuous, linear and weakly-developed 
Interference rippled surfaces and occasional washout ripples. 
These arc invariably coated by mm-thick shale-partings, 
which are occasionally desiccated. Vertical sequences of 
sedimentary structures, through 3 to 5 m thick cycles, 
consist of planar cross-beds overlain by plane-bedding with 
rippled surfaces becoming more abundant upwards. Poorly- 
packcd conglomerates, in vertically discrete beds, occur 
within or on top of some of the lensoid orthoquartzitic
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sandstone bodies.
I ' . : 1
a) General Knvirnnmont.
The maturity of the arenaceous sediments of this 
facies assemblage coupled with the complex palaeocurrent 
patterns (Fig. 4 5) arc suggestive of marine processes.
The upward-coarsening arrangement of the facies (Fig. 50) 
supports this contention, and in compatible with the 
prograding barrier island-shallow shelf depositions! 
models of Bernard et al. (1962), Howard and Reineck (1972) 
and Reineck and Singh (1971). Certain features arc, 
however, at variance with these models, much am the upward- 
fining cycles in facies *C31 and the abundant shale 
drapes associate! with facies 1C41. For these reasons 
the deposit Iona 1 processes responsible for each facies 
will be considered separately before developing a single 
depositional model for this specific barrier island 
sequence.
■ '
The abundant banded iron formations and shales in 
the lower half of this facies (Fig. '>0) indicate quiet 
water chemical and suspension sedimentation on an offshore 
shelf. Handed iron formations were precipitated in 
environments furthest removed from terrigenous input, 
and are the deepost-wator or most distal sediments of this 
facies assemblage. Finely-alternating ferruginous and 
siliceous layerr. in banded iron formations most readily
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form as a response to cyclicly fluctuating Eh ana pH 
conditions (Walter, 1972). Photosynthetic organisms are 
the agents most likely to have effected such short-term 
changes, be they diurnal or seasonal, and it is possible 
that primitive blue-green algae inhabited shallow photic 
shelves during the Archaean. Although reflecting different 
dcpositiona1 processes, the laterally persistent shelf 
shell bods of the Mississippi Delta (Coleman and Gag]iano, 
1965) and the Pennsylvanian marine platform carbonates of 
the Eastern Interior Dasin (Pryor and Sable, 1974) both of 
which represent intervals of non-detrital deposition, are 
possible analogues of the chemical sediments of this facies. 
The overlying shales with jasper lenses and layers indicate 
on offshore environment, intermittently receiving fine­
grained detritus which settled from suspension and alternat­
ed with short periods of siliceous chemical sedimentation 
at relatively low pH’s and high Eh*s. At shallower water 
depths, a continuous supply of fine-grained detritus pre­
vented the formation of chemical precipitates. Dominant 
suspension sedimontat ion and periodic migration of 
'starved' ripples develop d shales with siltstone lenses. 
Low-energy bed load processes became Increasingly significant 
with progressive shallowing of the offshore shelf resulting 
in Inter layered, laterally-pet nistont ripple-cross-laminated 
and horizontally-laminated si Itstones and shales.
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c) Sj i 1 ( :.t one I’gcicr> (C2)
Litholocjlos and sedimentary structural developed 
through much of this facies are an«1ogous with those 
reported from the nearshore shelf off Sapolo Island (Howard 
and Ret neck, 1972) , and Indicate th.it low-energy bed load 
and infrequent suspension sedimentation were the dominant 
deposit Iona 1 processes. The common coarser-grained, 
upward-fining lenses developed towards the top of the facies 
(Fig. 50), however, imply periodic higher- but waning-onergy 
currents on the nearshore shelf. These currents had a 
predominant northerly or offshore orientation, as indicated 
by the cross-bed rose diagram for these lenses (Fig. 4613) ,and 
were probably generated by rip currents, which operate 
perpendicular to modern coasts. As a result of longshore 
processes and onshore mass transport by incident waves, 
water accumulates inside breaker zones (Huntley and Bowen, 
1975; Komar, 1975). The seaward escape of this water 
cots up offshore currents capable of erosion and transporta­
tion of sand through the upper shoref ace (Davis and Fox,
1972; Vos, 1976) . Broadening of the rip current into a 
rip head results in w.ming-flow (Huntley and Bowen, op clt.) 
which generates conditions suitable for the offshore 
migration of megaripples, and the formation of trough cross- 
bed u . A further decrease in velocity results in current 
ripple migration and suspension sedimentation of fine­
grained particles. Ripple-cross-1aminat ed and ripplo-drift 
cross-laminated fine-grained sandstones and niIt stones are 
developed, and represent decreasing bed load to suspended 
load deposition. Upward-fining cycles similar to those 
present in this facies, and recording single depositlonal
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events, arc generated in this way.
d) Cross-bedded Orthogn.n t z itl c f^andst one r’acles (C3)
In progradationcl barrier island sequences, shelf 
deposits most commonly coarsen eradationally upwards into 
shoreface sands. The sharp basal contact (Tig. 50) and the 
dominant offshore palaoocurront component for trough cross- 
beds of this facies (Fig. 46A' arc not typical of normal 
shoreface sediments. A possible analogue exists In the 
Miocene of California, where Clifton (1973a) has attributed 
shoreface sediments with a sharp basal contact to channeliz­
ed rip currents which reworked sediment within the zone of 
wave build-up and surf. Resurgent rip currents operating 
in the lower shoreface are invoked as being responsible for 
the lower two-thirds of this facies (Fig. 50), with the 
upward-decrease in trough cross-bed thicknesses as the only 
manifestation of waning rip current velocities. The weak 
onshore palaeocurrent component (Fig. 46A) can be related 
to the shoreward motion of shoaling waves (Clifton, et nl., 
1971; Greenwood and Davidson-Arnot, 1975) between 
individual rip current pulses.
The upward-fining cycles developed in the top 25 m 
of this facies (Fig. 50) closely resemble tidal inlet 
deposits from Long Island (Kumar and Sanders, 1974). Tidal 
inlets are narrow channels between barrier islands dominat­
ed by tidal currents whose formation has been attributed by 
Pierce (1970) to tidal surges associated with storms, which 
cause water to flow over, and possibly incise into, barrier 
islands. Depending on the magnitude of longshore currents, 
tidal inlets vary in orientation ranging from perpendicular
/
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to r.cute angles to the shoreline (Kumar and Sanders, op cit; 
Hubbard and Barv/is, 1976) . The modal migration direction 
of ebb-oriented bedforms in South Carolina inlets is more 
commonly subparallel rather than perpendicular to the shore­
line (Hubbard and Barwis, op cit.). Tidal inlets migrate 
parallel to longshore currents, with result nt spit 
development on the up-current end of the inlet. Hydrodynamic 
conditions vary in different parts of inlets and develop 
characteristic sequences of sedimentary structures. Basal 
conglomerates in the cycles of this facies are interpreted 
as channel floor deposits. Overlying planar cross-bods were 
generated by migration of ebb-oriented sand waves in deep 
channel portions of tidal inlets. The interlayered plane- 
bedded sandstones are thought to have developed during 
upper flow regime conditions, probably as a response to 
periodic water-level changes. Whereas deeper parts of tidal 
inlets are generally characterised by unidirectional flow, 
shallow-water realms frequently contain bidirectional 
currants related to ebb and flood tides (Van Beeck and 
Koster, 1*72). The herringbone cross-bedding at the top 
of the cycles can be related to such processes, while the 
common sha.1 e-drapes on cross-bed foresets provide further 
evidence of a strong tidal influence during the deposition 
of these sediments (Oomkens, 1974). Palacocurrent patterns 
for these cycles (Fig. 46A) arc compatible with tidal ini $ 
oriented in a northeast-southwest direction, which is sul 
parallel to the palaeoshorcline. This, by implication, 
indicates a strong easterly longshore drift component. The 
vertical superimposition of tidal inlet cycles is due to 
successive longshore migration and reopening of inlets at
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their original sites (Kumar and Sanders, op. cit.).
Extensive scouring during longshore migration results in 
incomplete preservation of underlying inlet sequences.
e) IM anc-bf'ddrd nrtho'pi,ir t x i t ic Safndstone Facias (C4)
The sediments of this facies (Fig. 50) superficially 
resemble foreshore deposits with the plane-bedded sandstones 
developed by swash processes and the planar cross-bed intra­
sets representing ridge and runnel accumulations (Hayes and 
Boothroyd, 19G9 ; Wunderlich, 1972). Abundant clay-draped 
ripple marks arc, however, atypical of foreshores, while 
the planar cross-beds have a longshore attitude, which 
contrasts with the normal landward-dip of ridge and runnel 
cross-stratification. A dcpositional environment influenc­
ed by swash, longshore currents and incorporating protected 
settings suitable for suspension sedimentation, is indicated. 
Barrier spits contain sub'nvironments in which each of the 
lithologies of this facie» could have accumulated.
Subaqueous spit-platforms consist of long, planar cross- 
beds generated by beach drifting in response to longshore 
currents (Mcistrel, 19 72 ; Kumar and Sanders, 1974) . Spit 
beach faces are subjected to upper flow regime swash 
processes, and are structured by plane-bedded sandstones 
with low-angle discordances. Bays common 1y occur behind 
the Hr' acachface, and are conducive to current ripple 
migr xon, modification of rippled surfaces during falling 
water-level, and periodic suspension sedimentation. The 
sequences of li thologics and sedimentary structures 
developed in this facies can be accounted for through 
seaward progradation of these three subenvironments.
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Where enclosed within impure sandstones (See Fig. 2), 
the dominance of plane-bedding, the well-sorted nature of 
the sandstones as reflected in the shape of the cumulative 
frequency curves, (Fig. 47. Visher, 19G9), and the less 
common planar cross-bed intrasets in this facies indicate 
swash and longshore drift as the dominant depositional 
processes. The associated conglomerates at the top of unit 
MD3 in the Saddleback Syncline and the top of unit MD4 in 
the Stolzburg Syncline (Fig. 2) are similar to wave-worked 
conglomerates described by Clifton (1973b). Their vertical­
ly discrete nature and intercalation with clean sandstones 
serves to distinguish them from alluvial gravels.
f) Discuss i on.
The morphology of Holoccne coastlines is determined
to a large extent by tidal ranges (Hayes, 1975). Mesotidal
coasts are characterised by short and stubby barrier islands
and arc dominated by tidal deltas. Barrier islands along 
microtidul coasts, by contrast, are markedly elongated and, 
because of the dominant wave effects, contain features such 
as spits and washover fans. Tidal currents are only impor­
tant at inlet mouths. The abundant spit deposits inferred 
in the upper facies of this assemblage, coupled with the 
absence of ebb tidal delta accumulations, is suggestivc of a 
microtidal coastline similar to that fronting Laguna Madrc 
in Texas (Dickinson, et a 1., 1972). Furthermore, rip currents 
only occur where high wave conditions exist, while deposits 
formed by thesri currents arc most commonly preserved along 
microtidal coastlines free from the modifying effects of 
tidal processes (Vos and Hobd w , in press). Tidal currents 
appear to have been confined to tidal inlets during the 
development of tl.^ s facies assemblage.
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OS IT I' INAL FACIES ASS I H 1.1 .Af’l’ ' D '
i) Int roduction.
Two farics arc distinguishable in this assemblage 
and alternate through stratIgraphic unit MD2 in the Eureka 
and Stolzburg synclines (Fig. 2). These facies also occur 
in unit MD5, as 5 to 10 m thick sequences interlayered 
within the impure sandstone-siltstone-shalc facies (A3;
Fig. 2). Argillaceous sandstones and siltstoncs with 
abundant shalc-partings, and shales with sandstone and 
si 1tstonc layers and lenses characterise this facies 
assemblage.
ii) Description of Facies.
D1. Sandstont - S
This facies is characterised by upward-fining cycles, 
from 1,5 to 6 m in thickness (Fig. 51A). A basal sandstone 
is generally less than 1 m thick, and is a fine-grained 
subarkose, often massive but more commonly avalanche herring­
bone cross-bedded with bimodal-bipolar palaeocurrcnt 
patterns (Fig. 52A). Complex internal arrangement of 
bedding (Fig. 53) and occasional reactivation surfaces, 
are also common in these basal sandstones. Cross-bedded units 
in the upper parts of the sandstones often contain shale 
flasers. Flascr bedding, with associated rill marks, 
becomes more distinct upwards, where quartzwackos contain 
thin shale lenses and drapes (Fig. 54). Ripples are 
common, and include interference (Fig. 55), linear, lunate 
and 1inguoid varieties. A rose diagram plot shows that the 
ripple crests arc apparently randomly oriented with respect 
to the strike of the underlying herringbone foresets (Fig.52A).
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Wavy bedding is commonly developed upwards in the cycles, 
which are terminated by ubiquitous lenticular bedding. 
Different types of lenticular bedding occur, including 
connected types vith thick (Fig. 56) and *ith thin (Fig. 57) 
sandstone lenses <Reineck and Wunderlich, 1968). Shales in 
the lenticular units often displ iy desiccation, with some 
reworking of the clasts to form s 11 -flake congl merates.
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Fig. 66. Lantijular bedding uith thick sandstone lenses: 
Unit MD2; Eureka Synoline (scale in I and 6 m  d iv is io n s ) .
Fig. 67. Lenti>'ular bedding vrith thin sandstone lenses: 
Unit MD2i Eureka Synoline (scale in 1 cm divisions).
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Pine- to mcdium-qmt nod yuburkoaca and quartz 
wackcs alternate with the? sandstone-shale facies through 
successions of almost lOOO and 600 m in the Eureka and 
Stolzburg synclincs, respectively (Fig. 2). Both sand­
stone varieties contain appreciable amounts of potash and 
plagioclase felspars, arc devoid of chert, and contain only 
rare polycryntaI1ino quartz grains. Where not obscured by 
authigenic overgrowth, grains are rounded to subangular, 
with the subarkoses tending to be better sorted than the 
quartz wackcs. In the Eureka Synclinc, biotitc is the pre­
dominant mitrix constituent of the wackcs, having formed 
by metamorphism of clays. Clay minerals are still preserved 
in wackcs from the Stolzburg Synclinc.
Different associations of sedimentary structures 
enable two subfacies to be recognized in the fine- to 
medium-grained sandstones. The first, which tends to be 
more argillaceous than the second, consists of small-scale 
planar and herringbone cross-bedding (Fig. 52A) capped by 
ripple-cross-1amination. Linear ripples are oriented 
parallel to the strike of the cross-bed forescts. The 
second subfacicc is intimately associated with, and often 
gradational into the first. Medium- and large-scale planar 
cross-bedding (Fig. 58), as well as plane-bedding, charac­
terise this subfacica (Fig. 51, M2). Bimodal- bipolar 
pnlaeocurront patterns are again present (Fig. 52B). 
Penecontcmporanoous deformation structures include over­
turned forcscts and convolute 1 ami nat ion (Fig. 50). A 
valiant of the second subfacies in the Stolzburg Syncline
— 35 -
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Eureka S yna lirie .
Fig'. b9. Convolute lamination in nutdiurn-grained ecndetoneo: 
U n it MD2j Eureka Synoline,
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consists of lenticular, cross-bedded sandstones separated 
by 2 to 5 cm thick shale- and siltstonc-partings und over- 
lain by 5 to 8 m thick sequences of piano-bedded and low 
angle cross-bedded sandstones.
iii) i-al acoenvlronmont tion.
a) Genera 1 l.nv i ronment.
Evidence from the above two facies suggests a 
depositional environment influenced by tidal processes.
The ubiquitous bidirectional palaeocurrcnt patterns are 
indicative of bedload transport with bipolar reversals of 
flow direction. This phenomenon is most commonly associat­
ed with flood and ebb tidal currents. Interbedded sand­
stones and shales point to alternating bcdload and 
suspension sedimentation. Mud deposition in a marine en­
vironment occurs in subtidal regimes below wave base, or on 
tidal flats where low wave and current energies prevail 
(Re1neck and Singh, 1973, p. 358) . The common occurrence 
of shale-flakes and desiccated shale drapes supports a 
tidal flat environment of alternating inundation and 
exposure. The low energy condition required for suspension 
sedimentation occurs at slack high water.
b) I'
On extensive tidal flats, such as along the north 
Gorman and Netherlands counts, fine-grained sediments 
accumulate rear the high-water line and coarser sandy 
sediments around low-water level (Reineck, 1967; Van 
Straaton and Kuenen, 1957). On the mid-flat, interbedded 
sands and muds arc* developed. The sands tone-shale facies 
(Fig. 60A) can best be equated with the lower portion of
the upper- nnd the; mid-tidal flats of these contemporary 
examples. Mid-flats are characterised by alternating bed- 
load and suspension sedimentation. Sedimentary structures 
within the sandstones of this facies point to lower flow 
regime bedload transport with flood and ebb migration of 
current ripples (Reineck, op. cit.). Cross-bedded units 
often display complex internal organization with reactiva­
tion surfaces (Klein, 1970a, Figs. 27D, 34C) which are 
attributed to tlme-velocity asymmetry of tidal currents. 
Flasers associated with cross-bedding indicate suspension 
settling of mud during slack water (Reineck and Wunderlich, 
1968). Ubiquitous wavy and lenticular bedding are alsc 
indicative of alternating bcdload and suspension sedimenta­
tion. The ripplo-cross-l.tminatud sandstone lenses of the 
lenticular units suggest isolated or “starved" current 
ripples migrating across a muddy basal layer under the 
influence of tidal currents (Reineck, op. cit; Klein,
1970b). Interference ripples, in association with the 
above features, illustrate another diagnostic tidal process, 
namely cbb-phusc runoff accompanying rapid lowering of water- 
level prior to exposure (Klein, 1963; 1971). The random
orientation of current ripple crests (Fig. 52R) provides 
further evidence of emergence runoff. Desiccatton-cracks 
and intrnformational shale-flake conglomerates indicate 
periodic exposure and evaporation.
The accumulation of muds on tidal flats has been 
attributed to settling end scour lag effects whereby a 
suspended particle is transported further shorewnrds on the 
slackening current than the position where it first began to 
settle (i.e. settling lag). The ebb current is then unable
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to remove all the deposited particles (i.e. scour lag). 
Moreover, Postma (1967) showed that the time of low current 
velocity when fine-grained sediments are deposited is con­
siderably longer during high than low tide. McCave (1970) 
questioned whether accumulations of fine-grained sediments 
on tidal flats could be deposited from i tidal system, and 
suggested a periodicity related to storm-calm conditions 
instead. Storm processes could als be responsible for 
transporting the sand fraction of lenticular bedded units 
onto upper tidal flats (Reineck, 1967) while further evidence 
of short-lived, high-energy processes is provided by the 
rip-up shale-flake conglomerates of t! is facies.
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c) Fine- to I>2)
The environment of deposition of this facies is 
interpreted to be basinward of the mid-tidal flat. The 
abundant small-scale cross-bedding in the first subfacies 
(Fig. GO, B1) suggests a predominance of lower flow regime 
bedload processes. Flood and ebb currents appear to have 
been of equal importance in the migration of current 
ripples (Fig. 52A). Bedforms of this type are well- 
documented from lower-tidal sand flats (Reineck, 1967).
Thin ripple-cross-laminated units, showing no preferred 
orientation, often rest on the cross-bedded sandstones.
Such eye]as of sedimentary structures are similar to the 
B-C sequences of Klein (1970b), who related interval B to 
tidal bedload transport and the ripplc-cross-laminated 
unit C to late-stage emergence runoff, with changes in 
flow direction.
In contrast to current ripples, sand waves and 
megaripplcs are not common on tidal flat surfaces, where 
current velocities arc too low for their propagation. High- 
amplitude bedforms in tidal environments have been observed 
on tidal deltas (Hayes, et al., 1967; Boot hroyd and 
Hubbard, 1975), ir tidal channels (Reinock, 1967) and on 
shallow marine shelves (Houbolt, 1968) . SI ip-faces of sand 
waves on flood tidal delta ramps and channels arc oriented 
landward during both flood and ebb tides (Boothroyd and 
Hubbard, op. cit.). Flood-oriented cross-beds arc 
produced similar to the large-scale sedimentary structures 
of this subfacies (Figs. 58; 60, B2). Associated plane-bedding
probably formed as a result of high-tide wave swash on the 
flood ramp. In those portions of flood tidal deltas not
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shielded from ebb flow, cuspate mcgaripples display a high 
bimodality (Doothroyd and Hubbard, op. cit.). The bipolar 
rose diagram pattern can be considered to reflect such 
environments. Shale- and si Itstone-partings associated with 
medium-scale trough cross-beds of this subfacies indicate 
suspension settling in protected portions of flood tidal 
deltas. The plane-bedded sandstones intercalated within 
tidal flat sediments of this fades assemblage are interpret­
ed as washovcr fan deposits. These are related to storm 
flooding over barrier islands (Hayes, 1967) which results 
in upper flow regime sheulwash and the generation of plane- 
bedded sandstones usually with a gentle onshore dip 
(Andrews and van dor Llngcn, 1969). The toes of washover 
fans arc common 1y structured by landward-dipping planar 
cross-beds (Schwartz, 1975) but the strike section of 
available outcrops preclude their exposure in this facies.
The underlying multiple-channeled sandstones are more 
difficult to assign to a specific environment, but probably 
originated in back-barrier tidal channels, or represent the 
infilling of scour channels developed during the early 
stages of washover (Pierce, 1970).
d } Discuss 1 on.
The thickness of upward-fining tidal sequences has 
been used to estimate paIncot Ida1 ranges (Klein, 1972).
Based on this reasoning, a macrot idal situation is indicat­
ed for this facies assemblage (Fig. 60). Barrier island 
sequences which arc closely-associated with the tidal 
deposits do not, however, develop under marcotidal 
conditions (Hayes, 1975) and have already been used to 
imply a microtidal setting. The presence of washover fan
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deposits and the lack of back-barricr tidal channel and 
associated point bar accumulations in this facies assemblage 
further support a mirrotidal environment (Hayes, op. cit.). 
In addition, the limited occurrence of large-scale cross- 
beds and associated sedimentary structures is compatible 
with small flood tidal deltas which also characterise 
microtidal coasts. The exaggerated tidal cycle thickness 
illustrated in Fig. GO can thus be interpreted as result­
ing from stacking of facies.
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SPATIAL RELATIONSHIPS 01 DEPOSITIONAL ENVII NM1
i) The St< 1 .
Any pal aoogoogr.iphic model which relates deposition- 
al environments in space must bo constructed relative to a 
time plane. Such a datum exists in the Hureka, Saddleback 
and Stolzburg synclincs as the laterally persistent lava at 
the base of unit MD4 (Fig. 2). Offshore banded iron forma­
tions and shales in the Eureka and Stolzburg synclincs, and 
distal alluvial plain si It stones and shales in the Saddle­
back Synclinc, rest on this time plane and provide three 
reference ooints for the construction of a palaoogeographic 
map. fhe preparation of such a map relies heavily on the 
interpretation of vertically-stacked sedimentary facies in 
terms of their lateral distribution at any instant in time. 
Thus, more proximal barrier island-shallow shelf, as well 
as deltaic sediments, must have existed or. the time plane 
(palaeoslope) as facies equivalents of distal alluvial 
plain siItstonos and shales in the Saddleback Syncline and 
of offshore banded iron formations and shales in the Eureka 
and Stolzburg synclincs. Although no volcanic datum exists 
south of the Saddleback Syncline, the general proximal to 
distal arrangement of sedimentary facies from south to 
nortl suggests that upper- or mid-alluvial plain sedimenta­
tion would have occurred at the same time in the Havelock 
area. The inferred spatial relationships cf the different 
depositiona 1 environments in the Moodies Group arc 
illustrated in Fig. 61.*
FOOTNOTE 2 . See Appendix H I  for pal inspastic procedures 
employed in the construction of the 
palaoogeographic map.
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le n g e h u # #  Om M
F ig . 61. I n f t r t w :  je  g ra p h ia -rap f o r  baea o f  u n it  W 4, Moodies
Group, b i r t e r :  n " unt -in band.
The model recognizes the interaction of the four 
major deposition.! 1 i.. 1 y p: ; .. i, ,m<i
consists of constructive fluvial and dolt tie, and distribu­
tive barrier b« .ich-shal low shelf and tidal elements. Upper 
outwash plain mass flow and conglomeratic channel bar 
deposits represent the highest energy and most proximal 
depositIona I facies. Active vertical accretion of mid- 
alluvial plain longitudinal bars, accompanied by lateral 
channel migration resulted in the development of substantial 
sandstone accumulations. The lower alluvial plain was 
occupied by high sinuosity streams which developed laterally 
persistent arenaceous point, bar deposits within overbank 
siItstones and shales. A deltaic plain was influenced by 
high tidal energies which resulted in the development of 
tidal channel and sand sho 1 deposits under macrotida1
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conditionn. Further suaw.irds rapid gravity flow sedimenta­
tion occurred in the delta front depositional environment.
Easterly-directed longshore currents redistributed 
sediments from deltaic to adjacent intcrdcltaic settings. 
Elongate barrier Islands developed under the prevailing 
microtidal conditions, with the shoreline profile a response 
to interacting onshore shoaling waves, longshore currents, 
offshore rip currents and swash-backwash processes.
Easterly-directed longshore currents resulted in the develop­
ment of laterally persistent, stacked, upward-fining tidal 
inlet cycles. Ebb and flood currents within tidal inlets 
had a modifying effect on the shoreface. Low-energy 
bedload and suspension (with associated chemical) sedimen­
tation characterised the nearshore and offshore shelves 
respectively. Dack-barricr depositional environments were 
influenced largely by tidal processes, which reworked 
sediment introduced both from seaward through tidal inlets, 
and from landward, by weak fluvial processes. Bed load 
sedimentation predominated on flood tidal deltas and bod­
load and suspension sedimentation prevailed on tidal flats. 
Rare waohover fan deposits wore developed during storms.
The suggestion by Kumar and Sanders (1976) that 
ancient shoreface sediments arc storm phenomena is 
supported by this investigation. Rip currents, probably 
generated during storm periods, were the dominant deposi­
tional agent in the shoreface. Washovor fan sequences 
in the Moo lies Croup provide further evidence of storms 
(Hayes, 1967), while the formation of tidal inlets has 
also been related to barrier overwash (Pierce, 1970).
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conditions. Further seawards rapid gravity flow sedimenta­
tion occurred in the delta front depositional environment.
Easterly-directed longshore currents redistributed 
sediments from deltaic to adjacent interdcltaic settings. 
Elongate barrier islands developed under the prevailing 
mlcrotidal conditions, with the shoreline profile a response 
to interacting onshore shoaling waves, longshore currents, 
offshore rip currents and swash-backwash processes. 
Easterly-directed longshore currents resulted in the develop­
ment of laterally persistent, stacked, upward-fining tidal 
inlet cycles. Ebb and flood currents within tidal inlets 
had a modifying effect on the shorcface. Low-energy 
bedload and suspension (with associated chemical) sedimen­
tation characterised the nearshore and offshore shelves 
respectively. Back-barricr depositional environments were 
influenced largely by tidal processes, which reworked 
sediment introduced both from seaward through tidal inlets, 
and from landward, by weak fluvial processes. Bedload 
sedimentation predominated on flood tidal deltas and bed- 
load and suspension sedimentation prevailed on tidal flats. 
Rare washover fan deposits were developed during storms.
The suggestion by Kumar and Sanders (1976) that 
ancient shorcface sediments are storm phenomena is 
supported by this investigation. Rip currents, probably 
generated during storm periods, wore the dominant deposi- 
tional agent in the shorcface. Washover fan sequences 
in the Moodier. Group provide further evidence of storms 
(Mayes, 1967), while the formation of tidal inlets has 
also been related to barrier overwash (Pierce, 1970).
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The pa1aeoqcographic model (Fly. 61) suyyests the 
contemporaneous existence of macro- and mlcrotidal condi­
tions along the coastline during the deposition of the 
Moodies Group. Variations in tidal range along Holoccne 
coastlines (Davies, 1964) can be shown to result from one 
or u combination of the following factors :
1) Continental shelf width has a significant effect on 
tidal range; coastlines fronted by narrow shelves have 
low tidal ranges and those fronted by wide shelves 
characteristically have amplified tidal ranges. This 
relationship has betn especially well-illustrated along the 
cast coast o i the U.S.A. (Redfield, 1958) and also exists 
off the northwest coast of Australia and the southeast 
coast of South America.
2) Embayments in the coastline may also modify the tidal 
range. An important parameter determining the effect of 
embayments is the ratio R * L/A; whore L is the distance 
between the reflecting barrier within the cmbayment and 
the mouth of the cmbayment and A io the wavelength of the 
Kelvin or tidal wave rotating about an amphidromic point 
(Komar, 1976, p. 130). When this ratio is small, tidal 
ranges within the embayments tend to bo the same as those 
outside. However, if L is larger, and of the order of one- 
fourth of the tidal wavelength, the cmbayment resonates 
with the outside tides, and tidal ranges are up to four 
times higher, and currents are considerably stronger 
(Mofjeld, 1976). Holoccne embayments such as the Elbe 
estuary off Uu' coast of Germany, the Gulf of California, 
the Day of Bengal, the Gull of Siam and certain bays in
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Australia arc charactertsod by exaggerated tidal ranges 
without any apparent shelf width influence. The Day of 
Fundy, with tidal ranges up to five times those in the 
adjacent Atlantic Ocean, illustrates this resonant effect 
particularly well. Coasts off British Columbia and north­
east Brazil also have amplified tid.,1 ranges, apparently 
due to the mildly arcuate concave seaward nature of the 
coastlines, as the conti ntenta1 shelves at these localities 
arc exceptionally narrow.
3) Where large quantities of water are introduced into 
open-ended constrictions, amplified tidal ranges also 
result. This effect is illustrated in the North Sea, where 
the east coast of Britain is influenced by macrotidal 
ranges. Off the coast of east Africa the presence of 
Madagascar has the effect of generating macrotidal condi­
tions in the Mocambique Channel, while much of the African 
coast is mcsotidal in character.
An embayment model, based on the contemporary 
German-Danish coastline, and possibly enhanced by a locally 
wider shelf will account for the coexisting macro- and 
microtidal conditions inferred in the Moodies palacogeograph- 
ic reconstruction (Fig. 61). The macrotidal Hi he estuary 
contains proximal tidal flats incised by tidal channels 
and distal sand shoals oriented in an onshore-offshore 
direction (Roincck and Singh, 197 3, p. 318). Barrier 
islands and buck-barricr tidal flats become progressively 
more prolific to the west and north of the Elbe embayment 
as tidal ranges decrease and wave processes become 
increasingly important (Hayes, 1975). The amplification
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effect of nn embayed coastline is also illustrated on the 
Norfolk and Lincoln coast of England, which serves as a 
second comparative Holocene model. Except at neap tide,
The Wash experiences tidal ranges greater than 5 m (Evans, 
1975), while moBOtidal conditions exist off northeast Norfolk 
and result in the development of barrier islands, washovcr 
fans and spits (M.R. Leedor, personal communication, 1977).
ii) Stratigraphic Development of the Moodies Croup.
a) Intreduction.
Stratigraphic sequences in the Moodies Group (Fig. 2) 
developed as a result of progradation or transgression of 
the steady state palacogeographic model (Fig. 61). The 
intensity of terrigenous input (as controlled by source 
area tectonics) and rate of basin subsidence determined 
whether the facies belts migrated landwards or basinwards. 
Theoretical considerations suggest that :
1) with slow or no sul lidence and moderate to rapid 
sediment influx, progradation of the facies belts would 
occur?
2) with no subsidence and a slow-to-modcrate rate of 
sediment supply, alluvia] facies belts would migrate 
sourcewards. Similarly, in marine depositional environ­
ments, an accompanying gradual relative rise in sea-level, 
because of sediment completion, would result in slow 
transgression? and,
3) with no subsidence and slow sediment influx, a relative 
rise in sea-level would occur because of sediment compac­
tion and result in rapid transgression (Matthews, 1974,
p. 71-72).
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b) Pi .
Evidence for active progradatJon, on controlled 
exclusively by source area tectonics, is illustrated by 
a number of strati graphic relationships within alluvial 
sediments of the Moodies Group. The upper part of unit 
ML 3 in the Saddleback Synclino developed us a result of the 
northward progradation of proximal and mid-alluvial plain 
facies across tidal deltaic plain deposits (Fig. 62).
Unit MI,4 in the same synclino displays nvidcnco of two 
periods of prograd.tt tonal sedimentation. The lower of the 
two upward-coarsening sequences consists of distal alluvial 
pi?in siltstones and shales, scoured into by proximal 
channel bar deposits (Fig. 62).
Marine sedimentary sequences in the Moodies Group 
including deltaic, barrier island-shallow shelf and tidal 
fla , developed almost exclusively during periods of slaw 
pro tradat ion which were separated by rapid transgressive 
events. The fundamental controls on these contrasting 
sedimentation styles in each of the marine deposition^! 
environments are now considered.
Deltaic deposits in th.. Moodies Group (lower unit 
MD.'i - Saddleback Synclino) d e v  by seaward prograda­
tion despite the intense tidal r nn along the embayed
coastline. The delta front and c / m g  coarse fluvial 
deposits both provide evidence of an active depositional 
system during the development oi those sediments. This is 
in accord with modern tide-dominated deltas such as the 
Ord, Burdckin and Klang, which are all aggrading seawards 
as a result of moderately high sediment inputs (Coleman,
It 76) .
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The progradation.il or transgress!vc nature of 
barrier islands is determined largely by a surplus or 
deficit of sand in the shoreface. Under fair weather 
conditions, shoreface aggradation occurs, while storm 
processes have the effect of eroding the shoreface. 'Iho 
absence of large—scv. 1c landward—dipping longshore bni 
cross-bedding, indicative of fair weather sedimentation 
(Swift, 197G), suggests that the rip current deposits in 
the shoreface sequences of the Moodies Croup (Fig. r>C>) 
are storm phenomena, storm-dominated shorelines arc thus
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transgressive unless sand imports cxcedc offshore sand 
exports (Swift, op. cit.). Sand is supplied to the shore- 
face by onshore shoaling waves (Clifton ct ml., 1971), 
longshore currents (Komar, 1976, p. 217) and jet flow 
flushing out of sand from estuaries onto ebb tidal deltas 
(Oertcl, 1972). Onshore sand transport by shoaling waves, 
as well as sand accumulation on ebb tidal deltas, arc 
thought to have been of limited significance along the 
Moodies coastline. This suggests that longshore sand 
transport from upcurrent deltas was the dominant import 
agent, and resulted in a not surplus of sand in the 
ohoreface, which promoted progradation. Seaward accretion 
rates of 1 km/1000 years are feasible under conditions of 
moderate sediment supply as documented from Galveston 
Island by Bernard ct al. (1962).
Thicknesses of upward-coarsening deltaic and barrier 
island deposits have been used to estimate water depths 
(Klein, 1974). Based on this reasoning, depths of between 
400 and 600 m arc indicated for the Moodies basin. All 
deposit tonal facies in these two assemblages arc, however, 
considerab.y thicker than Holocene analogues, and indicate 
that stacking of facies in a subsiding basin was an 
important factor. Strong evidence of stacking exists in 
the case of the spit deposits (Fig. 50). Kumar and 
Sanders (1974 ) have shown that spit platform and beach face 
sequences accumulate between 4 m be low mean sea-level and 
high-tide level. If no stacking occurred in these ancient 
spit deposits, the 40 m thickness of the plane-bedded 
orthoquartzitic sandstone facies would imply macrotidal 
conditions, which arc unsuitable for the development of
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beaches (Hayes, 1975). Thick shoreface accumulations in the 
ancient have been attributed by Harms (1975) to the preferen 
tlal preservation of the unusual event. He argued that 
storm rip currents transport sand further offshore than is 
the case under normal conditions. Evidence for such high 
energy processes, during the deposition of the Moodies 
shorcfacc sediments has been presented, but their exception­
al thickness, coupled with the presence of multiple overlapp­
ing tidal inlet cycles, must still be interpreted in terms 
of facies stacking. Even more convincing evidence of 
stacking is to be found in the tidal channel deposits, 
where varied grain-sizos allow for the easy identification 
of upward-fining cycles. Three or more cycles, each with 
a basal conglomerate, arc often superimposed. The hign 
degree of maturity of the barrier island and shoal sands, 
as well as the vertical facies stacking, indicates chat 
basin subsidence closely matched the depositional rate.
Regressive or progradational sequences have been 
described from a number of Recent tidal flats (Evans, 1975; 
Reineck, 1975; Thompson, 1975; among others) and attribut­
ed to high rates of sediment supply from onshore and/or 
offshore. Similar conditions must have existed during the 
development of the upward-fining tidal flat sequences 
developed In stratigraphic unit MD2 (Fig. 2), and, as has 
previously been suggested, sediment was Introduced onto the 
tidal flats through inlets, by barrier washover and from 
the land. Upward-fining cycles of the type shown in Eig.
60 have often been taken as a true indication of tidal range. 
The possibility of stacking of facies, with resultant 
exaggerated tidal ranges, has soldon been considered. The
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recognition of stacking within sedimentary cycles is 
difficult, but in a tidal environment the composition of 
the sediments may provide a clue. Tidal sands in non­
barred situations are characteristically mature, while 
those developed behind barrier islands tend to be more 
argillaceous (Klein, 1967b). All sands of the sandstone- 
shalc end fine- to medium-grained sandstone facies are 
argillaceous, suggesting limited reworking. The back- 
barrier depositional setting previously proposed for these 
sands is thus supported, limiting the tidal range to less 
than 5 m, and suggesting that the 9 m tidal cycles (Fig. 60) 
arc exaggerated and probably a result of stacking.
Under conditions of maximum sediment input, mid- 
alluvial plain conglomerates and sandstones prograded 
directly onto nearshore millstones and sandstones (Fig. 63) 
in the form of fan deltas (Flores, 1975; Galloway, 1976). 
This is well-illustrated at the top of unit ML)4 in the 
Eureka and Stolzburg synclines (Fig. 2). Dack-barrier 
tidal flat and barrier island depositional environments 
were not developed under these conditions of active 
sediment supply.
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Fig. 63. Palaeogeogr'zphia fan delta model for an actively prograding 
alluvial ey upper Unit WD4; Moodies Group, Barberton Mountain Land.
c' TransgressIve Relationships.
Stratigraphic unit MD1, throughout the Barberton 
Mountain Land, 4 s thought to have developed as a result of 
the slow sourceward retreat of alluvial plain facies bolts. 
This was in response to decreasing uplift i the source area, 
although pebble-types in the basal conglomerate, such as the 
granitic clasts in the Eureka Sync 1ine, often re fleet deriva­
tion from local floor irregularities.
Transgressive stratigraphic relationships in the 
Moodies Group most commonly reflect sudden, rather than 
gradational changes of depositiona1 environment. These can 
be ascribed to a cessation of sediment supoly in response to 
decreasing tectonic activity in the source area or, as apoears
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more probable, a change in locus of deposition (Asquith, 1974) .
Close examination of Figs. 2 and 02 together reveals the
following transgrcesive relationships :
1) Stratigraphic unit MD2 in the Eureka and Stolzburg 
sync1inos consists of stacked upward-fining tidal flat 
cycles (sec Fig. GO) periodically interrupted by wash- 
over fan sequences. Periods of slow progradation 
separated by rapid transgress!vo events are indicated.
2) Tidal flat sequences arc directly overlain by shallow 
shelf deposits at the ‘op of unit Mb2 in the Eureka and 
Stolzburg syncllnes. The absence of barrier sediments 
along this transgressivo surface suggests apid drowning 
as a result of sudden deepening of the water-level 
(Sanders and Kumar, 1974) and, as shown by Swift (1968) 
and Kraft (1971), is not unexpected as transgressivc 
barrier island deposits have extremely low preservation 
potentials. Along storm-influenced coastlines in 
particular, barrier sediments arc reworked and incorporat­
ed into storm w.ishover and tidal flat deposits.
3) Barrier spit sequences are directly overlain by shallow 
shelf deposits at the top of unit MD3 in the Eureka and 
Stolzburg syncllnes. No transgressivc basal conglomerat­
ic lag deposits, of the type reoorted from Tertiary 
barrier island s e q u e n c e s  in California (Clifton, 1973a), 
occur, suggesting very rapid transgression, possibly 
associated with sudden 1 jumps' of t h e  shoreline (Sanders 
and Kumar, 1974).
The rise in sea-level in each of these three cases was
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probably relative, as opposed to absolute, inasmuch as 
sediment compaction possibly associated with basin 
subsidence, during periods of no fluvial, onshore or 
longshore sediment supply would have promoted 
transgression.
4) Plane-bedded orthoquartzitic sandstones, already inter­
preted as swash deposits, overlie * impure1 fluvial sand­
stones at the top of units MDl and MD4 in the Saddleback 
Synclinc. The same s ratigraphic intervals in the 
Eureka and Stolzburg synclincs are planes of rapid 
transgression (Fiq. 62). A 10 to 20 km landward 1 jump1 
of the breaker zone is thus indicated with the plane- 
bedded orthoquartz itic sandstones representing 
transgress!vc sheet sandstones developed by reworking of 
the underlying fluvial deposits along the advancing shore­
line. The poorly-sorted fluvial and mature beach (swash 
zone) sandstones at the top of unit MD3 in the Saddleback 
SynclInc arc clearly separated on a plot of mean grain 
diameter against grain-size standard deviation for c implcn 
from the two inferred environments (Fig. 64). The samples 
lie within or close to their respective fields as 
delineated by Mold a and Weiner (1968) using samples from 
known Holoconc deposltional environments. Marine rework­
ing of fluvial pebbles and boulders is though: to have led 
to the development of the vertically discrete conglomerates 
intercalated within clean sandstones, at the top of unit 
Mb3 in the Saddleback Synclinc. Similar onlap relation­
ships have been documented from the Mississippi Delta. 
Following abandonment of Individual lobes and compaction 
of the sediment pile, clean t. and stones arc developed
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during transgressivc wave reworking of the deltaic plain 
(Scruton, 1960; Kolb and Van Lopik, 1966; Morgan, 1970;. 
McGowcn (1970) and Stephens et al. (1976) have observed 
identical destructive relationships for the Gum Hollow 
fan delta and Santee River delta, respectively.
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5) Much of unit MD5 in the Eureka Syncline consists
of interlayered si 1tstones and shales with minor sand­
stones (Fig. 2) which have already been Interpreted as 
distal alluvial plain channel-fill and ovorbnnk deposits 
(Fig. 20). A number of Intercalated quart zone sandstones 
contain sedimentary structures such as herringbone cross­
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bedding and abundant shales flasers (Fig. 65) which 
provide evidc tee of transgrcssive reworking of alluvial 
plain sediments by tidal processes. In many respects 
this is an analogous zelationship to that described by 
McGowen (1970) from the Gum Hollow fan delta, where 
distal surficial fan sediments are being reworked in the 
intertidal zone to form a thin veneer ot fine-grained 
wave-rippled and plane-bedded sands.
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Fig. 66. Idealized Biratigraphic oolurm thouing inferred t id a l  f l a t  
reworking of  d is ta l  a l lu v ia l  plain sediments.
d) Discuss 1 on.
From the foregoing discussion it can be aopreciated 
that the preservation of different depositlonal facies in the 
steady state model (Fig. 61) was determined to a large 
extent by the transqressive or regressive nature of the 
shoreline. Under transgressive conditions, barrier island 
deposits were mostly destroyed, and less commonly reworked 
into thin orthoquartz 11ic sandstones (Fig. 62). Complete 
upward-coarsening barrier island and deltaic sequences 
require a regressive shoreline for their development and 
preservation. Abundant sediment supply was invoked as a 
prerequisite for progradationa1 sedimentation along a
reyrctir,ivc shoreline. Tidal flat deposits had their
highest preservation potential in n general transgressive 
situation, although individual upward-fining cycles 
developed under progradut ional conditions.
ill) The Fig Tree Pnl gnin.
There can be no doubt that tlie Fig Tree sediments, as 
preserved today (Fig. 1) are older than the Moodies. Whut 
In less clear, however, is whether these two sequences belong 
to a single deposit Iona 1 cycle, or to pro- and post-orgenic 
flysch-and molassc-typo cycles, respectively, as first 
suggested by Anhneusacr et al. (1968). Before this problem 
can he resolved, the character of the Fig Tree sediments, 
as well as the nature of the contact between the Moodies and
Fig Tree groups, must be considered.
'Voywackcs are the predominant lithology in the Fig 
Tree Group, and comprise greater than 80 per cent of the
lower half of this unit. Quartz, potash-fel spar and chert
are the predominant framework constituents, while subsidiary 
lithic particles are of vole nic, sedimentary, piutonic and 
metamorphic derivation The greywackcs contain in excess of 
30 per cent clay-matrix, and up to 8 per cent dlagenetic 
dolomite (Reimer, 19"'5). Shale, chert and banded iron 
formation become mire abundant upwards, along with a 
sympathetic decrease in grnln-eiae of t lie greywackcs (Van 
Vuuren, 1964). Local smal1-pebble and resediment od 
greywackc conglomerates occur throughout the group, and lens 
out along strike (Anharussor, 1976). Greywackc grits at the 
top of the succession characteristically contain well- 
rounded 1 - 5 mm quartz grains which contrants with the
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angular nature of framework con.i;Lituentu in the underlying 
grcywackos. Geochemical studies (Condic ct nl., 1970) 
have revealed that granitic components increase upwards in 
the Pig Tree Group at. the expense of more mafic and ultra- 
mafic elements.
Sediments of the Fig Tree Group arc ubiquitously 
graded, in units from a few inches to several feet in thick­
ness (Van Vuuron, 1964). Complete Bouma (1962) cycler, are 
rarely observed; instead a coarse, graded basal unit is 
overlain by plane-bedded fine-grained sandstones and silt- 
stonos, followed by an ►rgillaccous layer. The most 
complete cycles arc capped by cherts or banded iron forma­
tions (Reimcr, 1975). Frequently, however, the grading is 
only apparent through the presence of thin argillaceous 
layers on top of the groywacke units (Van Vuuron, op. cit.). 
Sole markings, flute casts, load casts and flame structures 
arc frequently developed at the base of graded units where 
in contact with shale (Anhaousser, 1976). Small-scale 
slump structures are often present within the grcywackos.
In the absence of cross-bedding, pa Incocurrent determinations 
have boon based on the orientation of long axes of flute 
casts and sole markings. These have revealed that dispersal 
currents operated in a genera 1 northwesterly to northeasterly 
direction (Reimcr, op. cit.).
Sc 'imonts of the Fig Tree Group can be accommodated 
within Turner and Walker's ( 1973) 1rosodimcnt od association'. 
The grcywackos and conglomerates were formed by turbidity 
current rosedimontation from shallow- into deep-water, and 
the shales, cherts and banded iron formations developed as
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a result of background, deep-water suspension sedimentation 
and chemical depositional processes. Turbidlto sediments 
owe their origin to subaqueous, deep-water gravity flow 
processes, and turbidity currents most common1y develop in 
submarine canyons (Klein, 1975). Sufficiently detailed 
studies to distinguish between regional slope, turbidity 
feeder channel ar d proximal and distal submarine fan facies 
have not yet booi undertaken on the Fig Tree Group, but it 
is reasonably safe to conclude that t his sequence accumulat­
ed in ncritie and/cr bathyal environments. The lower Fig 
Tree greywackes, shales and cherts may represent the most 
distal sediments passing upwards into regional slope, 
predominantly argillaceous and chemical deposits, with the 
qreywacke grits a; the top of the succession providing 
evidence of shallow-watoi reworking immediately prior to the 
deposition of the Moodies Group (Van Vuuren, 1964). A 
similar turbiditc to shallow-wator transition is described 
from the Namuriar Mann Tor Sandstone and Shale Grit 
turbidlto of northern England (Walker, 1969).
Contrary to th< often indirect evidence proooacd by 
Vifisor (1956), for an unconfomit y between the Moodies and 
Fig Tree groups this contact is most common 1y transitional. 
This is best sem, along * he northern and southern limbs of 
the Eureka Sync Li ne while detailed mapping in the Saddleback 
and Makonjwa areas (Boll, 196 7; Fig. 1) has revealed a 
similar relationship. Available field evidence thus 
suggests that t>° Moodies and Fig Tree groups wore formed 
during a single major depositions! cycle, and it is 
suggested that the latter simply represents a let pet water 
fociou of the continental and shallow-marine Moodies Group.
- Ill
Active progradation towards the north was responsible for 
the observed stratigraphic relationships between the two 
groups. Additional support for this proposal comes from a 
common source area to the south for these two sedimentary 
sequences (Roimcr, op. cit.). Furthermore, the Fig Tree 
greywackes arc lithologically very similar to the little- 
reworked fluvial sediments in the Moodies Group.
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DISCUSSION.
i) General.
The present study has answered a number of important 
questions pertaining to Archaean sedimentation in the 
Barberton Mountain Land, South Africa. These have enabled 
considerable refining of the 1 continental association1 
(Turner and Walker, 1973) to be achieved and include :
a) generalizations relating to Archaean sedimentary 
facies-typcs in the Barberton Mountain Land, and 
grouping of these into widely recognizable associations;
b) an understanding of the processes responsible for 
the deposition of clastic Archaean sediments in the 
Barberton Mountain Land; and,
c) an understanding of the evolution of the Archaean 
sedimentary basin in the Barberton Mountain Land, 
through examination and interpretation of vertical 
facies sequences and lateral facies changes.
ii) Basin Geometry.
An appreciation of the geometry of the depositional 
basin is essential and is one broader 'molication of the 
study which is developed below :
a) Physical sedimentary processes in Archaean marine 
environments were remarkably similar to those 
operating along present-day coastlines. Continental 
sediments were deposited in environments very 
similar to contemporary non-vegetated outwash fans, 
such as those which occur in Alaska.
- 113 -
b) Facies analysis of clastic sediments in the Swaziland 
Supergroup has revet, ed a smooth, continental to 
marginal marine to deep-water marine transition. The 
suggestion by Pcttijohn (1972) that Archaean deposi­
tories had elongate, possibly fault-bounded, trough­
like geometries does not appear to apply to the 
Moodies Group. Rather, the Moodies sediments were 
derived exclusively from the south and deposited, in 
part, on a stable continental shelf.
The above criteria can be used to suggest that the 
Moodies and Fig Tree sediments accumulated along an ancient 
continental margin deepening to the north. Highly tenta­
tive proposals along parallel lines were previously made by 
Goodwin (1974) and Windley and Smith (197G) for sediments of 
Archaean age The present detailed facies analysis has 
revealed many similarities between Archaean sediments in the 
Harbcrton Mountain Land and deposits along Holocene 
continental margin1.. Voluminous sediment supply results in 
the outward construction of a progradational continental 
embankment composed of Moodicfl-type continental and marginal 
marine sequences (Dickinson, 1974). For example, the outer- 
cdge of the embankment off the Niger Delta contains doposi- 
tional phases analogous to those previously described from 
the Fig Tree Group, namely, a basal phase of sandy turbi- 
dites near the toe of the embankment, a middle phase of largely 
argillaceous sediments deposited on the advancing frontal 
slope of the embankment, and an upper phase of largely 
arenaceous shallow marine strata deposited along the outer 
edge of the top of the embankment (Burke, 1972).
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Any hypothesis regarding the exact nature of the 
continental margin should be developed within the context 
of existing models for greenstone evolution. One of these 
invokes rifting of an older sialic crust, and the accumula­
tion of volcanics and sediments in grabens (see example 
Hunter, 1974 ; Archibald cc al, in press). While the 
latter may well account for the lower volcanic sequences in 
Archaean greenstone belts, the sedimentary facies patterns 
recognized for the Moodies and Fig Tree Groups cannot be 
reconciled with an elongate,fault-bounded, trough-like 
depository. Continued rifting, followed by separation of 
sialic blocks will, however, result in the development of 
a stable continental coastal margin (McCrossan and Porter,
1973) analogous to that envisaged as the depositional 
setting for these Archaean sediments.
A second model draws on a complex of island arc 
tectono-volcanic and sedimentary processes (see for example 
Engel and Helm, 1972; Anhaeusacr, 1973) and suggests that 
sedimentation would have occurred in interarc or backarc 
basins, similar to those of the western Pacific (Goodwin,
1974). Although sedimentation trends exhibited by the 
Moodies and Fig Tree groups are compatible with a backarc 
depositional setting, this model for greenstone bolt 
evolution has recently been criticized by Burke -it al. (1976) 
and Tarney ct al. (1976) on the grounds that the petrology 
and chemistry of the volcanic rocks display affinities not 
only with lavas extruded along island arcs above subduction 
zones, but also with cruptives at mid-oceanic ridges.
These same authors, along with Windley and Smith (1976), 
have suggested instead that Archaean greenstone belts are
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comparablu to marginal basin?; flanked on one side by a 
stable, rifted continental margin (possibly analogous to 
that inferred to have existed to the south of the Barberton 
Mountain Land) and along which sediments of •; c Moodies 
and Fig Trce-types may 1 vc accumulated. The opposing 
island arc flank would have been characterized by volcano- 
genic sedimentation and, if represented in the Archaean of 
South Africa, will exist in greenstone belts north of the 
Barberton Mountain Land. Further research along these 
lines is anticipated.
Variations in tidal range along the Moodies palaoocoast- 
line are reconcilable with the suggested continental margin 
depvsltional environment. The widespread evidence of 
microtidal conditions in the Moodies Group, coupled with the 
presence of coeval deep-water turbiditc sediments in the Fig 
Tree Group, further suggest a narrow continental shelf at 
the time of deposition of these Archaean sediments. Local 
widening of the shelf and/or the occurrence of cmbayments 
along the coastline would explain the development of the 
localized regions of macrotidal range. Coleman (1976) 
suggested that ancient, tide-dominated deltas would have 
occurred along the margins of stable platforms, where 
tidal ranges would have been significantly amplified.
iii) Comparison with Prnt i c Sediment at i '
The style of sedimentation in certain Protcrozoic 
Stratigraphic units on the Kaapvaal Craton, such as the 
Pongola Supergroup (Von Brunn and Hobday, 1976) and Pretoria 
Group (Button and Vos, 1977), differs significantly from 
that in the Archaean. Not only are deep-water sediments
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absent from these sequences, but widespread evidence of 
macrotidal conditions also exists. In addition, barrier- 
beach depositional assemblages are lacking from these 
Proterozoic sedimentary sequences. Broad, stable ir 
cratonic shelves arc indicated, a feature which has 
previously been considered as characteristic of the 
Proterozoic (see for example Brooks et al., 1976) ; and 
contrasts sharply with the narrow continental shelf which 
existed during the deposition of the Archaean Moodies and 
Fig Tree groups. The evidence of high tidal ranges in the 
above Proterozoic sedimentary basins implies that they were 
connected to an open oceanic body of wa Not all
sediments on the Kaapvaal Craton, however, were deposited 
under macrotidal conditions. Evidence of low tidal ranges 
exists for the chemical sediments in the lower part of the 
Transvaal Supergroup (Beukes, 1977) and in the Watcrberg 
Supergroup (Vos and Eriksson, 1977). These sequences, as 
well as the Upper Witwatersrand alluvial pi ain-lacustrine 
deposits (Vos, 1975) , probably accumulated either within 
enclosed intracratonic basins having no connection to the 
open sea, or in depositories which were too shallow for 
amplification of the tidal wave to occur.
iv) Broader Impl ic.it ions .
The few detailed sedimentological analyses of 
Archaean sequences elsewhere In the world, which arc litholo- 
gically similar to the Moodies and Fig Tree groups of the 
Da .-burton Mountain Land, have suggested that turbiditc and 
alluvial deposits predominate (sec introduction for 
specific references'. With the exception of Donaldson and
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Platt's (1975) study in the Yilgarn Block of Western 
Australia, no marginal marine sediments of the Moodies-type 
have been recognised. This may be largely a function of 
inadequate palacocnvironmcntal analyses, although Turner 
and Walker (1973) have provided convincing evidence that 
turbidito and alluvial fan sediments alone occur in the 
Sioux Lookout greenstone belt in Canada. Available informa­
tion on other sequences suggests that a second style of 
sedimentation, analogous to that proposed by Pettijohn (1972) , 
may have existed during the Archaean, and involved high 
energy alluvial and turbiditc sediments being fed into 
localized elongate, trough-*ike depositories from proximal 
source areas.
If Archaean sedimentation was associated with rifted 
continental margin tectonics the two sedimentary styles may 
reflect :
a) an early response to rifting, as typified by 
the Archaean sediments of Canada; and,
b) a response to more stable continental 
margin conditions after rifting and opening 
of the sea, as represented by the Moodies 
and Fig Tree Groups.
Archaean sediments in Australia and Rhodesia, in 
particular, require detailed examination employing modern 
sedimer.tological techniques to test this hypothesis.
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CONCLUSIONS.
1) This palaeocnvironrnontal analysis has revealed that 
physical dcpositional processes during the Archaean 
were remarkably similar to those operating today. 
Evidence of fluvial, tidal, wave swash, rip and long­
shore current, storm and turbidity processes have been 
recogni zed.
ii) The recognizable similarities between Archaean and
Holoceno dcpositional processes has led to the conclu­
sion that the Moodies and Fig Tree groups accumulated 
along an ancient continental margin.
ill) The widespread evidence of microtidal sedimentation 
during the deposition of the Moodies Group suggests 
the existence of a narrow continental shelf. Embayments 
along the coastline and/cr a widening of the continental 
shelf generated localized macrotidal conditions, under 
which sand shoals developed perpendicular to the 
shoreline at the expense of beaches.
iv) The abundant development of tidal sediments in the
Moodies Group indicates that the Earth-Moon system was 
in existence at least 3 000 m.y. ago.
v) The quartzo-felspathlc nature of arenaceous sediments 
in the Moodies Group indicates the widespread existence 
of granitic rocks at the time of deposition of these 
Archaean sediments. Unequivocal evidence for the 
existence of emergent landmassea to the south of the 
outcrop belt is provided, and contradicts the 
suggestion of Hargraves (1070) that a primordial sea
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covered the earth until 2 OOO m.y. ago.
vi) In contrast to the red colouration exhibited by
fluvial sediments less than 2 200 m.y. in age (see for 
example Cloud, 1976), those in the Moodies Group are 
ubiquitously dull in colour, indicating an anoxygenic 
atmosphere at the time of their deposition. Chemical 
weathering during the Archaean was achieved principally 
through carbonation and hydration.
vii) This study has revealed the existence of widespread
marginal marine deposits, and contrasts with most other 
palaeoonvironmcntal investigations on sediments of this 
age, which have suggested that alluvial and turbidite 
sedimentation may have characterised the Archaean. 
Detailed palacoenvironmental investigations of sedimen­
tary sequences in Australia and Rhodesia arc necessary 
to determine whether two distinct depositional styles 
may have existed during the Archaean; namely, open con­
tinental margin and elongate, trough-1 ike basin sedimen­
tation. If this can be shown to be the case, it may be 
possible to relate these two styles of sedimentation to 
different stages of continental margin rifting.
v_ '■ Detailed pal •eoonvironmental analyses of Prccnmbrian
sedimentary basins can provide important information 
pertaining to crustal evolution. Whereas a narrow 
continental shelf existed during the accumulation of 
the Moodies and Fig Tree groups, a numbc af sedimen­
tary sequences on the Kaapvaal Craton contain evidence 
of widespread macrotidal conditions, suggestive of 
deposition on a broad, stable shelf.
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APPENDIX T
A . Calcul a t.ion of Slat 1st i r.'i 1 Paramo tors (I nma n , 3 932)
i) Moan = ^16  ^^84
2
ii) Standard Deviation = ^84 ^16
B. Thin Section - Sieve C mat ions (H rrell and
Eriksson, in preparation)
t o  j_ i i trnA x, 0 ^
5T
9t
16t
25t
36S
50T
64t
T
84t
91t
i)
\
.16412 + 1.13674
n 51 r .983
ii)
\
S3 .15646 > 1.09672
n S 66 r .973
iii) S3 .17751 + 1.06609
n 72 r .975
iv)
%
S3 .12722 + 1.07477
n 73 r .977
v)
0“ s
85 .11671 + 1.06432
n 88 72 r .976
vi) SS .093944 + 1.05452
n 73 r .965
vii)
05os
S3 .12098 + 1.03027
n 75 r rr .958
viii)
064S
SB .25454 + .96924
n S3 71 r s .957
ix)
0” s
85 .32539 + .95237
n SB 68 r se .917
x) 00 S3 .45205 + .89492
n 85 62 r .912
xi)
09 ls
S .57891 + .84562
n 3S 53 r .862
- 14 8 -
xii) 095
S
77240 + 8009 5 x 0 r 
830n - 41 r
xiil) 09g
S
98885 + . 769G4 x 09g 
2 3 r -  .723n
n = number of paired thin scction-sicve samples used in
calculation of equations.
r = correlation coefficient.
s ■ sieve.
t = thin section.
Cumulative percentiles greater than 84 could not be
read from the impure sandstone curves with any degree of 
accuracy (see Fig. 8). Coupled with the poor correlation 
coefficients for the high percentile covcrsion equations 
(see above), this determined that the statistical parameters 
had to be calculated using the equations of Inman (1952) 
instead of Folk (1968).
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APPKNPIX IT
Procedure employed for field measurement and stereonet 
rotation of Palacoccuront Data.
A . KJDI.D MDASURl.'MDNT.
i) Planar Cross-Beds :
Measure strike and dip of bedding plane and
strike and dip of foreset surface.
Example :- Bedding : 275O/80°S
Cross-Bedding : 2550/55°S
ii) Trough Cross-Beds and Ripple Marks :
Measure strike and dip of bedding plane and pitch 
of trough cross-bed axis or ripple crest in the 
bedding plane. Also record whether trough is 
directed into or out of the ground.
Example :- Bedding : 275°/80OS
Pitch of Trough
Axis ; 70°W into the ground.
B. I I'Ol.D AXIS OR AXES.
Example :- Eureka Synclino F^ Axis : 50° Plunge on 255°
(in eastern segment of fold); F^ Axis: 70° Plunge on 160°
(Data after Anhaeusser, 1976).
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N.h W ' #.4
Fig, f5. Stcrcr * -v) Uonal procedures for palaoocurrent data.
C. PLOTTING OF DATA ON STDHLONFT.
(Refer to Figure 66A)
1.
2 .
3.
P1
F2
Pole to Bedding Plane.
Pole to Foreset Surface.
Pitch of Trough Axis in Bedding Plane, 
First Fold Axis.
Second Fold Axis.
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D . ROTATIONAL PR()CEDUREf>.
Stop ] : Refer to Fig. 6'B. Rotate to vertical and 
other points by 20° along small circles to 1",
2', 3', F1 • and F2 '.
Step 2 : Refer to Fig. 66C. Rotate Fj' to horizontal and 
all other points by 42° along small circles to 
1", 2", 3" and F^".
Step 3 : Refer to Fig. 66D. Rotate bedding plane to
horizontal (i.e. pole to bedding to vertical).
Pole to forcset (2") and pitch to trough axis 
(3") are rotated by equal amounts to 2'" and 3'" .
Step 4 ! Refer to Fig. 66E. Axial plane trace in eastern
segment of Eureka Synciine is oriented approximat­
ely east-west as a result of tectonism post-dating 
Fj. Axial plane traces elsewhere in the Barberton 
Mountain Land trend approximately northeast- 
southwest. Stcrconet must therefore be rotated 
by 4 5° in an anticlockwise direction to eliminate 
the effects of buckling associated with F^.
This is achieved by generating a new north 
direction (N1) on the stcrconet.
NOTE: Exclude stops 1 and 4 if strata were subjected to
only one phase of deformation. This is the case 
in all other parts of the Barberton Mountain Land.
I . ' 1 ' '
i) Road trend of trough axis relative to N ' off 
Fig. 66E. Answer: 038° or 218°. Trough is
directed into the ground. Trough cross-bed was
*
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therefore formed by megaripple migration in 
direction N38(,K.
ii) Construct strike and dip of forcsct surface using 
pole 2"'. Read attitude of this surface off 
Figure 66F.
F . PRESENTATION OF DATA.
Palaeocurrent cross-bed data are presented in rose 
diagram form.
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APPENDIX 1TJ
Pallnspastic Procedures employed in the construction of 
the Pnlaeoyeogruphic Maps. (Figs. 55, 63.)
A . GENHRAL.
Strata of the Moodies Group occupy a series of north 
casterJy-trending isoclinal synclines (Fig. 1) which 
are approximately parallel to the depositiona1 strike.
For tightly folded strata of this type, palacogeographic 
maps, portraying the spatial relationships of deposition- 
al environments, can only be constructed if :
1) limbs of folds arc rotated to the horizontal;
ii) some estimation of the distance between unfolded 
synclines can be made.
F ig . 67. S to rcono t and g e o m e tr ic a l p v o c o d n ra  fc v  u n fo ld in g  limbo o f  
fo ld e .
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B . ROTATION OF LIMBS TO THE _!jOR 1 ZONTAI,.
1> Plot striko and dip of bedding planes of each 
fold limb.
Example: Saddleback Synclinc:- N Limb - 080o/55°S
S Limb - 050o/80°S
Intersection of the two planes defines the fold 
axis (refer to Fig. 67A).
11) Construct a plane A - B at right angles to the limbs.
iii) Read pitch of intersection of the two limbs with
this plane. Pitches arc respectively 76°S and 40°S.
iv) Measure distance X - Y (S) from fold closure to 
position of control locality (X) for any given 
etratlnraphlc horizon (refer to Fig. 6713) .
Example: Palaoogeographic map (Fig. 61)
constructed for base of stratigraphic unit MD4.
v) Calculate d * S Sin 45°
- 5.75 Sin 4 5°
■ 4.07 Km
vi) Calculate distances :
C - D ■ d Cosec 40° ■ 6.33 Km; and,
D - E «* d Cosec 76° = 4.10 Km
The sum of C - D and I) - E corresponds to the
distance around tlie limbs of the fold.
vii) The same procedures are carried out for each fold
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C. ESTIMATION OF DISTANCE!
Individual syncllnea of unfolded Moodies sediments arc 
separated by complexly folded Onvorw.icht and Tig Tree 
strata, and often by major strike faults. The second 
stage of the pallnspastlc procedure Is thus imprecise.
As a first approximation it has been estimated that 
the amount of Moodies sediments removed by erosion of 
intervening anticlines roughly equalled the preserved 
distance around the limbs of the adjacent synclines.
Example z Palinspastic reconstruction for the base 
of stratIgrapnic unit MD4 in the Eureka 
and Saddleback Synclines (refer to Fig. 67C).
Distal alluvial plain sediments now exposed at the base 
of strati graphic unit MD4 on the southern limb of the 
Saddleback Syncline graded over a distance :
ED + 2 (DC) + 2 (GH) + FG 
- 2.66 + 2 (3.31) + 2 (6.33) + 4 .19
■ 26.13 Kilometres
into offshore banded iron formations and shales at
the base of the same stratigraphic on the northern
limb of the Eureka Synclinc.
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